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PREFACE

This text is the outgrowth of experience in teaching the
principles of electrical engineering to students of electrical
engineering at the Massachusetts Institute of Technology.
It aims to provide a substantial first course in the subject
by presenting rigorously, and at the same time in under-
standable form, the really basic principles upon which
modern electrical engineering rests. In furtherance of this
purpose many problems and examples from current engineer-
ing practice are introduced. The book is not, however,
to be mistaken for a complete condensed treatise on the
entire subject. It is strictly a first course on the principles,
and its study should be followed by detailed courses in
direct-current and alternating-current machinery. Where-
ever applications of the principles are introduced, they are
for the purpose of illustrating these principles and render-
ing them real and alive to the student. ]

The book has the following special features, which we
believe to be desirable:

1. The subject of the magnetic circuit has been stressed.
It has been the common experience of teachers of electrical
engineering that students beginning the subject find this a
stumbling block. Much more space than is usual has,
therefore, been devoted to this matter.

2. As a basis for explanation, the modern electron theory
has been freely used. It has been found that this affords
the most rational means of tying together the otherwise
widely divergent principles with which the electrical engi-
neer deals.

3. The subjects of thermionic emission, conduction
through gases, electrolytic conduction and certain high-
frequency phenomena have been included. A knowledge

m
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of these matters is becoming more and more essential to
the electrical engineer in any field.

4. The subject of the behavior of dielectrics has been
approached from a standpoint which departs from the
historical method of attack in order to gain clearness and
unity of treatment.

5. About five hundred live problems are included for
illustration, for practice in applying the principles and for
the purpose of bringing before the student useful and in-
teresting engineering data. Some of these are purposely
made of such calibre as to merit the attention of the most
able students.

The book is written primarily for students of college
grade and presumes a knowledge of calculus and physics.
The terminology and symbols employed are those recom-
mended by the American Institute of Electrical Engineers.

Grateful acknowledgment is extended to Professor F. S.
Dellenbaugh, Jr., for oscillographs of transients, and to
Mr. E. L. Bowles, Mr. L. F. Woodruff and Mr. E. L. Rose
for diagrams, proof-reading and the checking of problems.

We H. T
WVEBE

CAMBRIDGE, MASSACHUSETTS,
February, 1922.
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Principles of
Electrical Engineering

CHAPTER 1
THE ELECTRICAL ENGINEER

A nation’s standing in the scale of modern civilization
can fairly be measured by the extent to which she is utilizing
her natural sources of power. The truth of this is evident
in the case of manufacturing nations, but nowadays it is
also true of even agricultural communities since they de-
pend for much of their prosperity upon the artificial fer-
tilizer produced electrically by plants utilizing natural water
power that formerly went to waste.

This development of the world’s sources of power is the
work of the engineer. Whether the task is the designing of
some delicate mechanism to operate on the minute quantity
of power available in a telephone circuit, or the harnessing
of the floods of the Mississippi to supply whole cities with
almost unlimited power, it is the task of the engineer.
Wherever a project involves the generation, transmission
or utilization of electric power, electrical engineers are needed.

1. Electricity not a Natural Source of Power. Elec-
tricity as it oceurs in nature, however, is not one of the
natural sources of power, although fully one-half the world’s
power supply is converted into the electrical form before it
is finally utilized because that is often the cheapest and most,

convenient form in which to transmit and utilize power,
: 1
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The‘ cfnef na.urat sOurces of power are:

(1) Water flowing in natural or artificial waterways,

(2) Coal which is mined from the earth,

(3) Oil and gas which flow from wells.
In order to generate any-large amount of power by means
of water, either there must be an enormous flow of water at
a low head or a smaller flow at a very high head. Thus in
the plant at Swan Falls, Idaho, which is shown in Fig. 1,
the head averages only 19 feet and the necessary flow per
horse power is over 120,000 pounds per hour, while in the
San Franciscito plant in California, shown in Fig. 2, the
flow per horse power is less than 2600 pounds per hour but
the head is 938 feet. The design of the water wheels and
electric generators for, operating under such diverse con-
ditions must: show a wide variance. In a problem of this
kind, the electrical engineer’s knowledge of physics, par-
ticularly mechanies, is called most prominently into play.
Where coal or oil is used to produce power, a much smaller
quantity per minute is required. For instance, in place of
either of the two projects mentioned above, we could pro-
duce a horse power by burning about 1.5 pounds of coal or
0.9 pound of oil per hour. Thus by burning a small
quantity of oil or coal, an immense amount of energy can
be released. This is one of the reasons why the larger
percentage of the power used in the world comes from coal
and oil, in spite of the fact that the sources of these materials
are limited in extent.

2. Why We have Central Power Plants. Great as the
amount of power is that can be obtained from small amounts
of oil and coal, it is, however, rarely ever convenient or
economical to set up an engine at just the place where the
power is to be used. When we wish to light a room by in-
candescent electric lamps which require about % horse
power each, we do not set up a small gasoline motor and
generator or a steam engine and generator near each lamp.
Neither do we set up in a shop a small engine’ near each
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THE ELECTRICAL ENGINEER 5

machine to be driven. In fact, in a large manufacturing
plant, we rarely have separate engines for separate build-
ings. One central plant supplies several buildings. A
further development of this same scheme is to supply power
to a whole city or community from a single power plant.
Recently power plants have been developed which supply
many cities at once. The modern tendency is to include
larger and larger areas within one system, some engineers
even prophesying that all the power stations in the whole
country will eventually be connected into one vast super-
power system.

3. Why Central Power Plants are Electrical. When it
is desired to transmit power over great distances, as in:the
case of the systems mentioned above, practically the only
way in which it can be done effectively is by means of
electricity. In fact, when power is to be transmitted more
than a few feet, electricity is usually the best form. Con-
sider what a single room of an old-fashioned shop looked
like with its forest of belts and shafts and pulleys. Then
call to mind the picture that would be presented by a whole
building or a group of buildings connected by rapidly moving
belts and ropes. Try to imagine what even a small town
would look like if we tried to transmit power from a central
plant to the various manufacturing plants by means of belts
and ropes, and it will be evident why central power stations
are electrical.*

The advantages may be summed up as follows:

1. Electrical energy is transmitted by wires which are
small and cheap, which do not move, which can be bent into

* It must not be inferred from this that all other means of power
transmission could or should be superseded by electrical devices.
Where distances are short, belts and shafting are often cheapest and
most efficient. Where installations are temporary, distances not too
long and only small quantities of power are needed, as for rock drills,
hoisting engines and pumps, steam under pressure may often be used to

advantage. Compressed air is also often preferable under some
conditions.
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almost any shape to pass around curves and obstacles and
which are comparatively safe, neat and of small upkeep
expense when once installed.

2. Electrical energy can be converted easily into nearly
any other form at the spot where it is needed. It lights
lamps, drives motors, heats stoves and furnaces, refines
metals and electroplates.

3. Very little energy is lost in the wires and other devices
during transmission over even great distances.

4. Electrical devices are easily stopped, started and con-
trolled by simple compact devices which are rapid and ac-
curate in their operation and durable in their construction.

4. Locations of Power Plants. For the purpose of econ-
omical distribution, a power plant should be located as
near as possible to the center of the district it supplies. In
the case of plants operated by water, such a location is
generally impossible. Such large quantities of water under
great pressure are needed for most plants that it is more
practicable to locate the plant near the water way and
transmit the electrical power to the district to be supplied
than to bring so much water to a centrally located plant.

The problem of central locations of plants operated by
gas, oil or coal is much simpler. The quantity of energy
contained in a small weight of gas, oil or coal, the ease
with which gas and oil can be piped over great distances
and the numerous facilities for transporting coal make it
practicable to locate the power plant at the center of the
district to be served.

In the future, however, as the efficiency of transmitting
electrical energy becomes greater and the cost of transport-
ing gas, oil and coal becomes higher, it may be more econom-
ical to locate even the plants using these fuels in the oil and
coal fields and transmit power by electricity to still greater
distances than at present.*

* See ‘““Electrical Transmission versus Coal Transportation”, by
- Harold W. Smith, Electrical Journal, September, 1921.
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b. Superpower System.
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The great saving in cost of

energy and in conservation of coal and oil made possible
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by developing a superpower system are strikingly illus-
trated in the Report of the Superpower Survey.*

* Professional Paper No. 123, Department of Interior, U. S. Geological

Survey, entitled “A Superpower System for the region between Boston
and Washington,” by W. 8. Murray and others.
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It will be noted from Fig. 3 that the Superpower Zone
extends from Washington, D. C., to Portland, Me., and
from the Atlantic seaboard to Harrisburg, Pa., and Utica,
N. Y. Within this zone reside twenty-five millions of the
nation’s population and here forty percent of the manufac-
turing of the nation is carried on. There are already in this
area 315 electric public utilities operating about 1200 miles
of line at 33,000 volts or higher, to which the superpower
system will add about 4700 at 110,000 volts and 4000 at
220,000 volts. While most of the power is to be developed
from the coal, oil and water power within this territory, it is
also proposed to draw huge quantities from an enlarged
power development at Niagara Falls and a new plant to be
established on the St. Lawrence River. All of the avail-
able water power within the area will be put to use, the
Potomae, Susquehanna and Delaware Rivers furnishing
power to the central and southern portions, the Hudson
and Connecticut Rivers to the northern portion. How-
ever, these water-power developments even when sup-
plemented by those of Niagara and the St. Lawrence will
take care of but little more than twenty percent of the
requirements of the territory under consideration. For
about eighty percent of the power in this vast system, coal
and oil must be depended upon, and it is in the economical
location and operation of these steam-electric stations that
the great saving is to be accomplished. Note that these are
to be located in the coal fields at Sunbury, Nescopee and
Pittston, Pa., and at cities on the tidewater to which trans-
portation is easy and cheap. ,

Most of this development bids falr to take place within
ten years. One of the problems involves the designing of ap-
paratus with an insulation capable of withstanding about a
half-million volts pressure. A knowledge of the actions of dif-
ferent materials when subjected to this pressure is necessary,
and for this reason the subject of electrostatics must be
mastered by an engineer entering this part of the electrical
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field. To this must be added a knowledge of the laws of
economics, for the relative costs of different materials,
methods and systems are always a vital factor in all great
engineering projects.

6. Convenience of Electric Power. It is not only in the
economical generation, transmission and utilization of huge
quantities of power that electricity excels. It is also in the
number of conveniences made possible by its use. Chief
among these is the telephone. Each instrument requires
only a minute quantity of power but makes possible com-
munication with any of thirteen million stations in the
United States. It has long been possible to carry on a con-
versation between New York and San Francisco over metal-
lic conductors. Recently speech was transmitted from
Havana to Key West by submarine cable, across the con-
tinent to San Francisco by aerial wire and underground cable,
and over a thirty-mile strip of ocean to Catalina Island by
radio. This accomplishment of combining wireless tele-
phony with the present wire systems, with their twenty-five
million miles of conductors, gives promise of far-reaching
development in the near future.

The cross-continent transmission was made possible by
vacuum-tube repeaters inserted in the line. The wireless
transmission was accomplished through vacuum tubes used
as rectifiers and amplifiers. In fact, the vacuum tube has
recently come to play a prominent part in so many electrical
developments that a knowledge of vacuum apparatus and
the conduction of electricity through gases is almost a
prime requisite for a modern electrical engineer in any field.

7. The Electrical Engineer. The two examples just
given of progress in electrical engineering, the superpower
project and long-distance communication, were chosen be-
cause of the great difference in their respective fields. One
deals with vast quantities of power at high voltages, capable
of being applied to thousands of different uses. The other
employs insignificant amounts of power at the lowest volt-
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ages and its use is restricted to the carrying on of conver-
sation over distances. Yet both of these enterprises re-
quire the services of exactly the same types of electrical
engineers with the same knowledge of fundamental laws of
electricity and the same training in applying them.

Electrical engineers may be divided into three more or
less clearly defined classes or types, depending upon their
duties.

First type, — the electrical engincer who applies the laws
of science to the development of electrical equipment.
To this class belongs the research engineer, who pushes
outward the boundaries of our knowledge of natural laws
for the purpose of employing them more fully for mankind,
the designing engineer,who plans the machines which make
use of these laws,and the production engineer, who manu-
factures them. Each must have a thorough, up-to-date
knowledge of the main branches of physics and chemistry
as well as an intimate knowledge of the latest theories and
discoveries in electrical science. The last two must also
be familiar with the best shop methods especially as related
to quantity production. To this class of engincers all elec-
trical projects must look to supply the necessary electrical
machinery and appliances.

Second type, — the electrical engineer who applies the elec-
trical-engineering equipment to the use of man. He plans,
constructs and operates power-transmission systems, tele-
" phone, telegraph and electric-railway systems. To this
class belongs the engineer who has the responsibility of
selecting the proper types and sizes of electrical equipment.
He must be familiar with the latest designs and must have
all the fundamentals of the science so well in hand as to be
able to judge fairly the claims of various manufacturers
concerning their outputs. Closely connected with this task
is the writing and interpreting of specifications. Such an
engineer must not only have a knowledge of the standard
tests and behavior of electrical machinery under given con-
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ditions but must also be able to describe these phenomena in
clear, brief English which will never allow misunderstandings
to arise as to his meaning. The economics of any project
form a large factor, and so this engineer’s decisions must be
backed by the facts and theories of economics.

Third type,— the electrical engineer who acts as liason
engineer between electrical engincering and other fields.
Here belongs the consulting electrical engineer who is re-
tained by any company to advise on electrical matters.
Here also is the promoting engineer, who sees the problem
in the large and realizes the possibilities of harnessing some
waterfall, building a manufacturing plant or organizing a
communication company. He must know the needs of
the communities to be served by a project, the various uses
to which the power can be put and the probable market
for the company’s commodities. Not only must he know
these things well but he must also be able to explain his
ideas in clear English to prospective investors and to prove
to them the real value and soundness of the project. Such
an engineer must have a broad knowledge of civil, mechani-
cal and electrical engineering. As much of his responsibility
is of a financial nature, he must be well grounded in econ-
omics and versed in business law and procedure. He does
not need as intimate knowledge of the details of electrical
machinery or of the minor points in electrical theory as the
first two types of engineers. He should, however, be just
as sure of his fundamentals, just as keen in his analysis
and just as rigorous in his thinking.

It will be noted that all three engineers described above
have certain common requirements in their education. They
must all be familiar with the fundamental laws of physics,
chemistry and mathematics, and must know thoroughly the
general principles of electrical theory and practice which
are the basis of all electrical engineering.

This text assumes a knowledge on the part of the student
of the common facts and principles of physics, chemistry






SUMMARY OF CHAPTER I

THE MODERN TENDENCY is toward greater and more
efficient utilization of natural sources of power. This tendency
is taking the direction of larger and larger central electric
power stations, the application of electric power to more diverse
uses and greater refinement of electric appliances. The field
of the electrical engineer is thus gaining in extent and diversity.

THREE TYPES OF ELECTRICAL ENGINEERS are needed
in this development:

First, engineers to design and manufacture electric ap-
paratus or machinery,

Second, engineers to put this machinery to use,

Third, engineers to connect electrical engineering and
other fields. ’

CERTAIN FUNDAMENTAL EDUCATIONAL REQUIRE-
MENTS are common to all three types, chief among which
are the basic laws of mathematics, physics and chemistry
and the general principles of electrical engineering. .

13



PROBLEMS ON CHAPTER I

Prob. 1-1. If it requires 2.2 pounds of coal per hour to
produce one horse power in a good modern steam power plant,
how many tons of coal per day of 15 hours are used by a power
plant delivering 25,000 horse power?

Prob. 2-1. A certain oil well flows 2000 barrels of oil per
day. If this is burned under a boiler, how many horse power
will it develop continuously? Assume that 1 pound of oil
contains 18,000 B.t.u. of which 15 percent is available by this
method of using the oil.

Prob. 3-1. If it requires 9 barrels of crude oil per day of
10 hours to run a 250-kilowatt plant at rated load, what per-
cent of the energy in the fuel is available by the method used?

Prob. 4-1. The Big Creek reservoir of the Pacific Light
and Power Company is 4.5 miles long, 3 mile wide and has an
average depth of 34 feet. The effective height of the reser-
voir above the water wheel is 1900 feet. How many foot-
pounds of energy are stored in this reservoir? 7 ;

~—— Prob. 5-1. To how many tons of coal averaging 14,000
B.t.u. per pound is the water in the reservoir of Prob. 4-1
equivalent from the energy standpoint?

Prob. 6-1. The power plants in connection with the reser-
voir of Prob. 4-1 contain 6 water wheels of 20,000 horse power
each. How many days would the water in the reservoir alone
operate these wheels, assuming that the average load is one-
half the capacity of the plants and that the efficiency at this
load is 80 per cent?

~—— Prob. 7-1. The highest recorded efficiency for water tur-
bines was attained by the four 6000-horse-power wheels at
New River, Va. Under a head of 49 feet, an efficiency of 93.7
percent was secured. What flow of water was necessary under
these conditions?

Prob. 8-1. In the Mississippi River hydro-electric develop-
ment at Keokuk, Iowa, there are 15 turbines each having a

14
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normal rating of 10,000 horse power based on a head of 32 feet.
Under these conditions they operate at an efficiency of about
88 percent. What is the flow of water through them?

Prob. 9-1. At full load the generators attached to the tur-
bines in Prob. 8-1 have a guaranteed efficiency of 96.3 percent.
How many kilowatts can each generator deliver under these
conditions? Data from General Electric Review.

Prob. 10-1. In the Gatun hydro-electric development there
are 3 Pelton-Francis turbines, each having a capacity of
3600 horse power when operating under an effective head of
75 feet. The total flow of water through the pen-stocks is
90,000 cubic feet per minute. What is the efficiency of the
turbines under these conditions?

——Prob. 11-1. Each generator attached to the turbines in the
Gatun plant has a guaranteed efficiency of 95.1 percent when
delivering 2000 kw. What horse power must each turbine
develop under these conditions? Data from General Electric
Review.

——Prob. 12-1. Assuming an efficiency of 83 percent for the
turbines in Prob. 11-1, how much water per minute must be
supplied to each machine at an effective head of 75 feet?

Prob. 13-1. Assume the following conditions in a good
gas-producing plant:

The producer delivers 75 percent of the energy in the coal
to the gas engine.

The gas engine converts 35 percent of this energy into me-
chanical energy of the piston.

The plston delivers 90 percent of this energy to the shaft.

What is the over-all efficiency of the gas-producing plant?

Prob. 14-1. At $2.50 per ton for coal averaging 14,000
B.t.u., what will it cost for fuel per year of 3000 hr. to operate
a 100-kilowatt electric generator with a gas-producing engine?
The generator has an efficiency of 90 percent and the producer
plant data as in Prob. 13-1.

Prob. 16-1. A 70-horse-power Diesel engine showed on test
that it delivered 41.7 percent of the energy in the oil to the
piston. The efficiency of the engine from the piston to the
pulley was 90 percent. At 2 cents per gallon (7.6 pounds)
for oil, how much more or less expensive per year of 3000 hours
would it be to use a 70-horse-power electric motor of 80 per






CHAPTER 1II
ELECTRIC UNITS AND ELECTRIC CIRCUITS

The electrical engineer deals primarily with the genera-
tion, transmission and utilization of electrical power. There-
fore, while occasionally he has to deal with electricity at
rest, (static electricity), his usual concern is with electricity
in motion, that is, with electric currents.

8. The Electron Theory. In every substance there are
a large number of small particles of electricity. These are
all of the same size and they are extremely small. We call
these particles electrons.* The theory of their behavior
under various conditions is called the electron theory and
is in general use today.

The effects produced by electrons at rest are called static
effects. More important are the effects produced when
large numbers of electrons are in motion. :

In many substances, such as glass for instance, the elec-
trons are attached securely to the atoms of the material and
can be broken loose only with great difficulty. These sub-
stances are insulators. In metals there are large numbers
of free electrons, or electrons which are not attached and
which can move through the metal. These metals are
conductors. When the electrons move we say that the metal
conducts a flow of electricity or a current of electricity.

A metal wire full of free electrons is similar to a pipe
packed full of sand and then filled with water. The elec-
trons may be likened to the water molecules and the atoms
of the material to the grains of sand. The electrons may

* See “ The Electron’ by R. A. Millikan or “ Within the Atom”
by John Mills.

17
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be made to filter through the metal just as the water may be
forced through the sand. The stream of electrons is an
electric current just as the movement of the water molecules
is a stream of water.

Water is considered an incompressible fluid in studying
flow in pipes. There are really large spaces between the
water molecules, but it is difficult to actually crowd them
together or to compress the water. Anyone who ever had
an automobile cylinder full of water is familiar with this
fact. We may similarly treat the electrons in a metal as an
incompressible fluid. There are large spaces between them
and yet on account of their great repulsion for one another,
they are hard to compress.

Water can be slightly compressed but only at such high
pressures that we rarely deal with them. Similarly elec-
tricity can be compressed but only at very high electrical
pressures. To small pressures it is practically incompres-
sible.

9. The Ampere — A Unit of Current. Just as the flow
of water in a pipe is measured by the number of gallons
which pass a given point per second, so the flow of electricity
along a conductor is measured by the number of coulombs
of electricity which pass a given point per second. The
coulomb is just as definite a quantity of electricity as the
gallon is a definite quantity of water. In fact a coulomb is
a certain number of electrons, just as a gallon is a certain
number of molecules of water. There are about 6.3 X 10
electrons in a coulomb. This number written out in full is
6,300,000,000,000,000,000. It will readily be seen why a
large unit was chosen for ordinary computations to avoid
the use of such large figures.

An electric current is hence usually measured in ‘“ cou-
lombs per second ” rather than ‘‘ electrons per second.”
Even the expression ¢ coulombs per second ”’ was considered
too cumbeérsome, so the rate of flow of ‘ one coulomb per
second ”’ is designated as an ampere rate of flow. Thus to

113
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designate a current of 10 coulombs per second, we have
merely to express it as 10 amperes.

In defining the ampere, advantage was taken of the fact
that if an electric current is passed through a solution
containing a salt of a metal, it will deposit the metal on the
negative plate. The ampere was accordingly legally de-
fined by an Act of Congress, 1894, as follows:

“The unit of current shall be what is known as the inter-
national ampere, which is one-tenth of the unit of current of the
centimeter-gram-second system of electromagnetic units and
is the practical equivalent of the unvarying current, which when
passed through a solution of nitrate of silver in water according
to the standard specifications, deposits silver at the rate of one
thousand, one hundred and eighteen millionths 0.00111800
of a gram per second.”

The ampere, then, is the common unit for measuring rate
of flow; thus a 50-watt, 110-volt tungsten lamp is said to
take a current of nearly one-half ampere — that is, a cur-
rent of about one-half ampere is flowing through it all the
time it is glowing. An electric flat iron usually takes about
five amperes, a one-horse-power 110-volt motor about ten
amperes, when running under full load. '

When a piston-type water pump is working, the flow of
water in the pipe varies or pulsates. Similarly currents in
wires are often variable. In fact, they may alternate, or
change direction rapidly, just as water in & pipe would
alternate in direction of flow if the pump were a simple
piston without valves.

The American Institute of Electrical Engineers defines
five types of currents thus:

Direct Current. A unidirectional current. In other words
a current which never reverses in direction, although it may
vary in amount.

Pulsating Current. A direct current which pulsates regularly
in magnitude.

Continuous Current. A practically non-pulsating direct
current. Usually, unless otherwise specified, when we speak
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of a direct current we mean this particular kind of a direct
current.

Alternating Current. A current which alternates regularly
in direction. Unless otherwise distinctly specified, a periodic
current in which the changes in magnitude and direction are
regularly repeated and in which the net flow in one direction
along the wire equals the net flow in the other direction.

With an alternating current, the electrons move slightly back
and forth past a fixed point in the wire, without any gradual
progression along the wire. In most alternating-current cir-
cuits the current changes direction one hundred and twenty
times a second. This is called a sixty-cycle current. The
frequency of the current is sixty cycles per second.

Oscillating Current. A periodic current whose frequency is
determined by the circuit constants. The current that flows
in the antenna of a radio-telegraph transmitter is usually an
oscillating current. With this type of current the successive
waves are often not of the same magnitude.

Several types of currents may flow in the same wire
simultaneously. Jf ik

The laws which govern the flow of alternating currents
are very similar to those which govern the flow of continuous
currents. In this text we will study the laws of the electric
circuit when continuous currents flow, and then show some
of the additional effects which must be taken into account
when the current varies. Unless otherwise stated, an elec-
tric current in this text should therefore be taken to mean
what is usually known as a direct current, although more
exactly defined above as a continuous current.

10. The Volt — A Unit of Pressure. Just as it requires
pressure to cause a flow of water, so it requires pressure to
cause a flow or current of electricity. Just as we usually
measure water pressure in pounds per square inch, so we
measure electrical pressure or electromotive force in volts.
When a lamp is rated as a 110-volt lamp, it means that it
requires a pressure of 110 volts across the terminals of that
lamp to force the proper amount of current through it.
More pressure, that is, a higher voltage, would force through
more current and probably damage the lamp.
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There are several ways in which we can produce a pressure
tending to force the electrons along a wire. Small pressures,
or voltages, can be obtained chemically from batteries,
either primary cells or storage batteries. Their action is
exactly the same but the storage battery can be recharged
when exhausted; that is, its chemicals can be restored to
their original condition by forcing a current through in the
reverse direction.

There are many other ways in which electrons may be
caused to move along a wire. The most important of these
is used in the electric generator, where the wire is moved
rapidly through a magnetic field.

However the pressure may be produced, it is measured
in volts. One volt as defined by Act of Congress is the
1/1.0183th part of the pressure delivered at 20° C. by a stand-
ard chemical cell, called the Weston cell, consisting of plates
of cadmium and mercury in an electrolyte of mercurous sul-
phate and cadmium sulphate.

11. The Ohm — A Unit of Resistance. It was proved
by Georg Simon Ohm in a paper published in 1826* that
for a given metallic circuit a definite ratio existed between
the pressure and the current — if the pressure was doubled,
the current would also be doubled, ete. This ratio of
pressure to current is called the resistance of the circuit and
is measured in ohms. Thus a circuit is said to have five
ohms resistance when the ratio of the pressure to the cur-
rent is five. That is, five volts will force one ampere through
it, ten volts will force two amperes, ete.

Pressure Volts
Current  Amperes S

The resistance of a wire to a flow of current is similar to
the frictional resistance of a pipe to the flow of water. The
flow of electricity can, however, be measured and calcu-
lated today much more accurately than can the flow of
water. -

* See Friedrich Mann’s, ““ Georg Simon Ohm.”
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12. Ohm’s Law. The luw that the ratio of the pressure
to the current in a given circuit is constant is called Ohm’s
Law, and is the fundamental law of the flow of electric
currents. In its simplest form this may be written as fol-
lows

g Pressure
Resistance = Ut

In practical units

Volts
CRIgRs Amperes
In symbols
E
= T H (1)

where R = resistance in ohms,

E = electromotive force (or pressure) in volts,
I = current in amperes.

The symbol I is used for current under an international
agreement which insures having the same symbols used in
electrical work the world over. This is very convenient
indeed in studying books written in foreign languages.
The letter I is taken from the French word for current,
‘“ intensité.”

Example 1. When 220 volts are applied to the field coils of a

certain motor it is found that a current of 1.8 amperes flows
through the coils. What is the resistance of the coils?

E 220
R= T 122 ohms.

13. Absolute System of Electrical Units. The Abvolt,
Abampere and Abohm. In electrical work just as in me-
chanics, we have two common systems of units. The first
or practical system is generally used by engineers, and is
based upon the ampere, volt and ohm. In addition there is
the c. g. s. or absolute system. The units in this system have
very simple relations to the fundamental units, the centi-
meter, gram and second. In much theoretical work it is
more convenient to use the absolute system.
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The unit of current in this system is the abampere and
equals 10 amperes.

The unit of pressure is the abvolt and equals 10-2 volt.

The unit of resistance is the abohm and equals 10—° ohm,
that is, it is the resistance through which a pressure of one
abvolt will force a current of one abampere.

Prob. 1-2. A dry cell in good condition has an internal
resistance of approximately 0.08 ohm and an electromotive
force of 1.4 volts. If a wire of negligible resistance is put
across the terminals of a dry cell of 0.08 ohm resistance and 1.41
volts e.m.f., what current would momentarily flow in the wire?

Prob. 2-2. State the resistance, current and pressure of
Prob. 1-2 in abohms, abamperes and abvolts.

- 14. General Application of Ohm’s Law. Ohm’s law may
be applied to an entire electric circuit or to any part of a
circuit.

When it is applied to the entire circuit, care must be taken
to make sure that all the electromotive force of the circuit
is used for the value of E, that all the current of the circuit
is used for the value of I and all the resistance of the circuit
for the value of R.

Similarly in applying the law to only a part of the circuit,
care must be taken that the values for E, I and R include
only the voltage, current and resistance of that particular part
of the circuit under consideration.

10 Ohms
A
,’é 20hms 20 Ohms @)
>
e
'* 8 Ohms
B

F1c. 4. The pressure of 100 volts is applied to the whole circuit.

Ezample 2. 1In Fig. 4 the generator G generates an electro-
motive force of 100 volts.



24 PRINCIPLES OF ELECTRICAL ENGINEERING

(a¢) How much current flows in the circuit?

(b) What is the voltage across the 10-ohm resistance?

(@) To find the current of the whole circuit, use the voltage
of the whole circuit (the 100 volts e.m.f.) and the resistance of
the whole cireuit (2 + 10 + 20 + 8 = 40 ohms).

E 100
Thus I = ;S 2.5 amperes.

(b) To find the voltage across the 10-ohm resistor, use the
current through the resistor and the resistance of the resistor.
It is known from experiment that the same current flows in
every part of such a circuit as that of Fig. 4. Thus there will
be 2.5 amperes flowing through the 10-ohm resistor. The
voltage across the 10-ohm resistor must equal the product of the
current through the resistor and the resistance of the resistor or

Er = IxRRr =25 X 10 = 25 volts.

Ohm’s law should be very familiar to every engineer in all
three of its possible forms.

E
I=%
E=1R.

E

Prob. 8-2. Assume that resistance X, Fig. 4, is not 20
ohms as marked but has an unknown value. The voltage across
the resistor A is measured and found to be 15 volts. The rest
of the data is as in Fig. 4. Compute

(a) The voltage across B,

(b) The voltage across X

(¢) The resistance of X.

Prob. 4-2. A series tungsten lamp is rated to take 6.6 am-
peres when a voltage of 48 volts is applied to its terminals. It
is desired to use two such lamps in series on a 115-volt system.
What resistance must be connected in series with the lamps
to limit the current to its rated value?

Prob. 5-2. The voltage at the generator end of a two-wire
transmission line is maintained at 115 volts. When the line
is carrying 42 amperes the voltage at the receiving end is 112
volts.
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(a) What is the resistance of the line?

(b) What is the voltage at the receiving end when the line
is carrying 84 amperes?

/15. Kirchhoff’'s Laws. First Law. Two fundamental
simple laws of the electric circuit have received the name
of Kirchhoff’s laws. They are fundamental natural laws
applied to the conditions for the flow of electric currents in
a circuit or network of conductors.

First Law. Experiments show that with direct current
the amount of current flowing away from a point in a circuit
is equal to the amount flowing to that point.

This is simply an expression for the law for the conserva-
tion of matter. When electric currents flow in a circuit,
no electrons are lost in the process. At any point in the
circuit just as many electrons arrive per second as leave.
Of course if the insulation is poor and current leaks off
the wire, this leakage must also be considered. With
moderate voltages the amount leaking in this way is usually
entirely negligible.

= Y
Fia. 5. The current I flowing to the point X must equal the sum of
the currents Ig4, I and I flowing away from X.

Thus in Fig. 5, the current I flowing to the point X must
exactly equal the sum of the currents I, Iy and I. which are
flowing away from the point X.- We express this by the
equation

I=IL+ I+ I.

In other words, electricity does not pile up or accumulate
at any point in an electric circuit, at least when a direct
current is flowing.
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When we come to the study of varying currents and
capacitances, we shall see how to extend this law to cover
alternating or oscillating currents also.

I
B

Il\

Y
Fig. 6. The water current 7 must equal the sum of the currents
I, Iy and I.

This law is exactly in accord with the hydraulic analogy
of Fig. 6. The current of water I flowing to the point X
in the pipe OX must exactly equal the sum of the currents
flowing away from the point X in the three pipes A, B,
and C, or

I= Ia+Ib+Ic.

16. Kirchhoff’s Laws. Second Law. The difference of
the electrical potential between any two points is the same
regardless of the path along which it is measured. In
other words, if there is an electric pressure acting between
two points in a circuit it acts with equal force on all paths
connecting the two points. By difference of electrical
potential is meant the electrical pressure or the voltage
between the points.

The engineer uses many terms for electrical pressure
such as difference of potential, drop in potential, electro-
motive force, voltage and so on. These all mean electric
pressures, but we usually speak of the electromotive force
as the voltage supplied to the circuit by a battery or
generator, and the pressure existing between the ends of
a resistor is usually spoken of as a drop in potential, or
simply as an IR drop.
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Ezample 3. In Flg 7 there are three paths from R to S:
(1) Through the resistor L, Clia, o :
(2) Through the resistor M /
(3) Through the generator G'._ P

Consider the voltage between the points R and S,

A 7Ampex:;}s /é\ p.¢

5 Ohms

G
40 Ohms 20 Ohms
3 = &
0 g
B 7 Ampfres PR S Y

Fig. 7. The voltage drop from R to S is the same;whether com-~
puted along the path RABS, RLS or RXYS.

E'=169 Volts

1st, As computed from the current and resistance through

the 40-ohm resistor (L);
2nd, As computed from resistance of path through the 20-

ohm resistor (M).
(1) Voltage between R and S = Current through L times

Resistance of L, = IL RL,
= 3 X 40 = 120 volts.

(2) Voltage between R and S = Current through path of
M times resistance of path of M,

=4(20 + 5 + 5) = 120 volts.
Thus the voltage, or potential difference, between the points

R and S is 120 volts, whether computed along the path of M

or of L.
It remains to compute the potential difference between R-

and S along the path through the generator G.

17. Electromotive Force and IR Drop. The product
of the current times the resistance is called the IR drop
in potential. Since the electromotive force is the force
which sends the current around the circuit, the IR drop may
be thought of as the force which opposes the electromotive
force in sending a current in this direction. When a steady
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current is flowing, there is a condition of equilibrium and the
opposing forces must be equal. Therefore the algebraic
sum of the IR drops in any circuit must equal the algebraic
sum of the electromotive forces.

In Fig. 7, if we represent the electromotive force of 169 volts
as a positive force in the direction of current flowing around the
circuit ARSB, we must represent the IR drops as positive
forces in the direction opposite to current flow and the sum of
the I R drops must equal the sum of the electromotive forces or
169 volts.

The IR drop through the generator = 3 X 7 = 21 volts
The IR drop from A to R =2 X7 =14 volts
The IR drop from S to B =2 X 7 = 14 volts
The IR drop from R to 8 =z volts.
Total IR drop around circuit ARSB = (49 + z) volts

The algebraic sum of IR drops around a circuit must equal
the algebraic sum of the electromotive forces.

Therefore
49 +2x) = 169
T =169—49
= 120 volts.

There is the same potential difference between the points
R and 8 as found by computing it along the other two paths.

Kirchhoff’s second law is very often stated in terms of
the e.m.f. and the IR drop as follows:

ZE =ZIR
ZE — ZIR = O,

where ZE is the algebraic sum of the electromotive forces
in a circuit and ZIR is the algebraic sum of the IR drops
in the same circuit.

The reason that the algebraic sum must be used is because
we may have electromotive forces opposing each other, as
when a generator charges a storage battery. Also the cur-
rents in different parts of a particular loop in a network may
be in different directions. In such a case the electromotive

or
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force of the main source is called positive. Any electro-
motive forces opposing it are negative. IR drops opposing
the main electromotive force are called positive and those
aiding it, negative.

In applying the law in this form, great care must be ex-
ercised to see that when one sign has been given to the elec-
tromotive force in the direction of current flow, the opposite
sign is given to the IR drop in the direction of current flow.
These laws are of the greatest assistance in the determina-
tion of the current, voltage and resistance relations in cir-
cuits of the form of complicated networks.

A
1.5 Ohms
| ]
e ) :
> | \ 20hms 2
8 3
82
1.5 Ohms
B

Fic. 8. Compute the current in the several parts of the line.

Ezample 4. In a circuit arranged as in Fig. 8, find the cur-
rents delivered by the generator G and storage battery S re-
spectively.

We will assume the current to flow as follows, having care to
apply Kirchhoff’s first law of current flow that the sum of the
currents flowing to any point must be equal to the sum of the
currents flowing away from that point.

N to flow from At Cs

1y GatorD);

1:1 —_ 'l:z & C to E

(6 — 12 + 22 £ E through the 10-ohm re-

sistor to F,

1s £ F through the storage batt
tery to E,

i — 1 < F to D,

= “ D to B and from B to A

through generator G..

L et
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The currents may not in every case be in the direction in
which we have assumed them to flow. If this is true, the re-
sults will show a minus sign for those branches in which we have
assumed the wrong direction of flow. The numerical results
will be correct, however, and a negative sign merely means that
the current is actually flowing in the direction opposite to that
marked in the diagram.

As we have three unknowns, we must write three equations.

~— (1) Consider the circuit ACDB:
40 =151, +204%: + 154 + 21
=51 + 207,
1 =8 — 41,
— (2) In the circuit CESFD:
85 =24 — 1(4 — %) +20% — 1(is — %)
= 27,3 B 21,1 +221:3,
Subsi;ituting value of 7, from (1):
35 =21 —2(8 —41;) + 221,
3) 51 =21 + 301,
_— (4) Incircuit EMFS:

35 =219 + 10 (41 — 12 + 23)
=124; + 10 — 1014,

Substituting value of 7; from (1):

35 =1214; + 10 (8 — 4 1) — 10 7,
(5) — 45 = 12143 — 50 1.
Combining (3) and (5):
306 = 127; 4 180 2,
—45 = 1213 — 50 7,
230 7, = 351
by = -331- = 1.526
G =ga5 = L. amperes.
From (1)t = 8 — 4 X 1.526

11 = 1.896 amperes.
51 — 304, 51 —30 X 1.526
2 E 2

Thus the generator G is delivering 1.896 amperes and the bat-
tery S, 2.610 amperes.

From (3) 43 = = 2.610 amperes,
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The answers may be checked by the use of Kirchhoff’s sec-
ond law in the form, “ The difference of potential between any
two points is the same along whatever path it is computed.”
For instance, there are four paths between the points C and
D, and the potential difference computed along all four paths
should be the same.

(1) Along CPD:

The difference of potential along this path is merely the
IR drop through the 20-ohm resistance at P when a current
of 7, = 1.526 amperes is flowing through it. /

Vep = @ = 1.526 X 20 = 30.52 volts.

(2) Along the path CAGBD:
Vep = E¢ — 4 (2 + 1.5 + 1.5)
=40 — 51
= 40 — 9.48 = 30.52 volts (checks with (1)).
(3) Along the path CEMFD:
Vep 1('&1 = ’Lz) -+ 10(’1/1 — 1 + '&a) + 1(@1 b 7'2)
12(’&1 = '&z) + 10 '&a
12(1.896 — 1.526) + 10X2.61
= 30.54 volts (checks with (1) to engineering
aceuracy).

(4) Alongthe path CESFD:
Vep =35 — 2143 + 201 — 12)
=35 —2 X 2.61 4+ 2(1.896 — 1.526)
= 30.52 volts (checks with (1)).

The use of Kirchhoff’s laws will enable the engineer to
solve any direct-current network whatever, no matter how
complicated, if properly used. In fact by extending the
meaning of these laws they can be made to solve alternating-
or even oscillating-current networks.

In applying the laws, however, a great difference in the
amount of labor involved in computation will result from
different methods of going about the work. Certain gen-
eral rules may be given for the methods of solving an elec-
trical network, and if followed they will help in attaining
speed and accuracy in such work.
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In order to solve a network, first assign letters to the
unknown quantities involved; second, form as many equa-
tions as there are unknowns; third, solve these equations
simultaneously.

To avoid loss of time, proceed as follows:

1. Make a good diagram of the circuit.

Write on this diagram every constant of the circuit which
is known, resistances, voltages or currents. Indicate the
direction of the voltages or currents by arrows.

2. Assign letters to the unknowns.

Call currents 7, voltages e, and resistances r with sub-
scripts. Put an arrow on each e or ¢ to indicate the di-
rection in which it is assumed.

Use enough unknowns to completely ¢ fix "’ the circuit,
and no more. This means use as few unknowns as possible
and still be enabled to write sufficient equations to solve
the circuit.

In assigning letters to unknowns, apply Kirchhoff’s laws
as you go along, in order to keep down the number of un-
knowns. Thus if three wires meet at a point, and you have
already called the current in two of them 7; and 7, respec-
tively, call the third current ¢, 4+ 7, instead of 7.

3. Apply Ohm’s or Kirchhoff’s laws to parts of the cir-
cuit to obtain equations between the unknowns.

Write as many equations as there are unknowns. There
will always be the possibility of writing more than this.
One of the possible equations not used at this time may be
saved for a check.

Use Kirchhoff’s first law where it is possible as it is very
simple. In using the second law remember that the sum of
voltages and drops may be taken about any closed loop in
the network. Choose the simplest ones. Of course loops
involving unknowns must be used. Be careful of signs.

4. Solve the equations algebraically for all the unknowns.

5. Check. Thisisimportant. Usually aloop not already
utilized will give an excellent check from the second law.
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Of course the solution of simple networks is easy. The
networks actually met with in practice by the engineer are
likely to be complicated. A study of the problems of this
chapter will be only a beginning on actual cases of practice.

oAl (M <

Fia. 9. What voltage exists across each car?

[€——560 Vo>

Prob. 6-2. " In Fig. 9,
Car No. 1 is 1 mile from station and is taking 40 amperes.
Car No. 2 is 3 miles from station and is taking 20 amperes.
Car No. 3 is 4 miles from station and is taking 25 amperes.
Trolley wire has a resistance of 0.42 ohm per mile. Track
resistance, 0.03 ohm per mile.

Find:
(a) Voltage across each car,
(b) Total voltage loss in line.

0.24 Ohm 0.3 Ohm

116 Volts,

0.24 Ohm 0.3 Ohm

[<——- 120 Volts—>

F1a. 10. The generator G supplies both group 4 and group B with
power.

Prob. 7-2. In Fig. 10, the voltage across Group A is 116
volts; the resistance of each lamp in Group A is 100 ohms.

Find:
(a) Voltage across Group B,
(b) Average resistance per lamp in Group B,
(¢) Line drop between Generator and Group A,
(d) Line drop between Group A and Group B,
(¢) Current per lamp in A and in B.
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Prob. 8-2. Assume trolley line, Fig. 41a, to be fed by two
generators, G, of 560 volts and G. of 555 volts. Two cars are
on the line, Car 1 taking 300 amperes, Car 2, 200 amperes.
The resistances of the trolley wire and track are as marked.

Find the voltage across each car.

EjChua 18. Solution of Series
and Parallel Combinations
of Resistors. Conduc-
tance. No special rules
are needed for finding the
resistance of any combina-

) tion of series and parallel
Fic. 11. The resistance of the parallel R
combination of resistors can be found am%ngements of resistors.
by the application of Ohm’s and It is merely necessary to
Kirchhoff’s Laws. apply Ohm’s and Kir-
chhoff’s laws.
. Example 5. Three resistors are of 8, 4 and 20 ohms re-
spectively and are arranged in parallel as in Fig. 11. What
is the resistance of the combination?

4 Ohms

20 Ohms

The current per volt through the 1

20-ohm resistor o Gl et
The current per volt through the 1

4-ohm resistor gyt RoR e
The current per volt through the 1

8-ohm resistor =g\ Lplétanpere
The current per volt through the

combination = 0.425 ampere.

This amounts to assuming a difference of potential of one
volt between points A and B. Thus, knowing the voltage
across the combination (1 volt) and the current through the
combination (0.425 ampere) we can find the resistance of
the combination by Ohm’s law:

E 1
R—7=&T25—2.350hms.
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Note that the resistance of a parallel combination must
be lower than the resistance of any separate branch of the
combination. Regardiess of how small is the resistance of
that branch having the smallest resistance, the addition of
the other branches between the same two points makes it
easier for currents to flow between the two points and thus
must lower the resistance between the two points.

The expression ‘ current per volt’ is often called the
conductance of that part of the circuit to which it is applied.
Note that the conductance, being the current per volt,

equals —IE, which is the reciprocal of the expression for the

resistance, IE For this reason the conductance is often
measured in mhos. The conductance of an electrical ap-
pliance measured in mhos is the
reciprocal of its resistance meas-
ured in ohms. Thus a lamp with
a resistance of 10 ohms would

have a cond/uctance of % mho.

Prob. 9-2. The numbers on the
lines of Fig. 12 indicate resistance
in ohms. Compute the resistance
between

(@) A and B, Fic. 12, Compute the re-

(b) Band C, sistances  between  two
(¢) A and C. points of the triangle.

19. Special Networks,the Delta and the Star. A net-
work arranged as in Fig. 13 is called a Delta or Triangle.
The arrangement of Fig. 14 is called a Star or Y. These
arrangements are often combined in a single network, as
in Fig. 15, and present special difficulties in solution, The
application of Kirchhoff’s laws will solve such a network,
but to find the equivalent resistance the simplest expedient
consists of reducing star combinations to delta and vice
versa, as the occasion requires.
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To solve for the resistance between points A and B,
in Fig. 15, for instance, the star (R’, R"”, R'’) can be re-
placed by an equivalent delta (R, R, Rs), and the arrange-
ment of Fig. 15 becomes that of Fig. 16, which can easily

c R, B

C B
Fie. 13. A Delta or Triangle Fig. 14. A Staror Y arrange-
of resistors. ment of resistors.

Fig. 15. A combination of Star Fig. 16. This arrangement of
and Delta arrangements of resistors is delta equivalent of
resistors. the arrangement of Fig. 15.

be solved for the resistance between A and B. It can be
proved that star (R’, R”, R') is the equivalent of delta
(R1, Rs, R;) if R, is made equal to

RIRII + RIIRIII + RIRIII

R
sl 1 pr rpr
b Saect R'R +RR1?, + R'R
and R3 to RIRII + RIIRI// + R,R"’.

RIII
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Knowing R’, R” and R'’, the values of the resistances
of the delta R;, R, and R; can thus be determined. Of course
X and Z in Fig. 16 must also be known if the resistance
between A and B is to be found.

Note: Special care must be taken in the notation. In
the equivalent delta arrangement, R;, R» and R; must be op-
posite in position with respect to R’, R” and R’ of the star.

Prob. 10-2. Prove that the delta arrangement of Fig. 13
is equivalent to the star arrangement of Fig. 14 if

R/RH _I_RIIRIII +RIRIII

R, =

R’

R'R"” + R"R'"' + R'R'"

R, = R '

- Ea i +RRI’3” + R'R"

Prob. 11-2. Prove that the star arrangement of Fig. 14 is
equivalent to the delta arrangement of Fig. 13 if

R = ffs
Ri+ R: + Ry
B -l
Ry + R: + R;
"e _ RiR,
ard il i g

Hint: Use equations of conductances.

Prob. 12-2. Compute the resistance between the points
A and B, Fig. 15, where

R’ = 5ohms,
R’ = 7 ohms,
R’ = 9 ohms,
X = 4 ohms,
Z = 8 ohms

20. Measurement of Current, Voltage and Resistance.*
The commercial method of measuring current is by means

* For details of construction, calibration and use of electrical instru-
ments, see Laws’ ¢ Electrical Measurements.”
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of an ammeter inserted in the circuit at the point where it
is desired to know the current.

In Fig. 17, ammeter A measures the current in the line
AB; ammeter A; measures the current in branch BE or
the current taken by the lamp L;. Since the same current
must flow away from L; as flows to it, the ammeter could
just as properly be placed between L; and the point E.

A @ B c
G
@ ()

F E D

F1a. 17. The reading of the ammeter A is the sum of the readings
of ammeters 4; and A,.

Ammeter A, measures the current taken by lamp L,.
Ammeter A4, could be placed anywhere in the line BCDE
to measure this current. The sum of the readings of A,
and A, should equal that of A.

An ammeter must have a very low resistance in order
that it may not appreciably increase the resistance of the
line in which it is inserted. The potential difference across
the terminals of a well-known make of these instruments
is about 0.05 volt for full-scale reading. Thus a 10-ampere
0.050

10

100-ampere instrument would have

ammeter would have or 0.005 ohm resistance, while a

0.050

100

The potential difference between two points is commer-
cially measured by means of a voltmeter, one terminal of
which is attached to one point and the other terminal to
the other point. Thus in Fig. 17a, voltmeter V; measures
the difference of potential or voltage between the terminals
of the lamp L,;. Voltmeter V. measures the potential

= 0.0005 ohm.
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difference or voltage between the terminals of lamp L.
A voltmeter V; attached to A and B would measure the
potential difference between the points A and B. This
value might differ slightly from .the voltage across the
lamp L,, because the voltage across AB equals the voltage
across the lamp L; plus the drop in that amount of wire
which is used to connect the lamp to the points 4 and B.

O &

F1c. 17a. The voltmeterV; measures the voltage drop across the
lamp L;. Voltmeter V; measures the drop across the lamp L,.

A voltmeter should have a very high resistance in order
that it may not draw an appreciable current from the cir-
cuit to which it is connected. The resistance of a 150-volt
instrument is in the neighborhood of 20,000 ohms or some-
what more than 100 ohms per volt.

For accurate work we must remember that when am-
meters and voltmeters are connected into a circuit they
alter the circuit conditions by adding new resistances and
branches.

Thus a voltmeter connected between C and D of Fig. 17
will measure the voltage drop in the lamp plus the voltage
drop in the ammeter. To obtain the actual voltage across
the lamp we should subtract the computed drop in the
ammeter from the voltmeter reading. C

If the voltmeter is connected between ¢ and D it will
then read the correct voltage across the lamp, but in this
case the ammeter will read not only the lamp current but
also the voltmeter current.. The latter may be computed
and subtracted to obtain the actual lamp current,
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In measurements taken on a circuit carrying fairly large
currents at moderate voltages, the drops in ammeters and
the current taken by voltmeters are usually negligible.
If we were commercially testing a20-horse-power, 550-volt
motor, for instance, we should not ordinarily make allow-
ance for the effect of putting in the meters.

21. The Wheatstone Bridge. Resistances may be meas-
ured roughly by using an ammeter and a voltmeter. The
resistance to be measured is connected to a circuit which
will pass through it a current it can safely carry. This
current is measured with
an ammeter and the drop
due to it with a volt-
meter. Corrections as
outlined in the last sec-
tion are made to these
readings. The quotient
then gives the desired
value of resistance.

A more accurate
method of measuring
resistance is by some
form of the Wheatstone bridge. This bridge consists of
an arrangement of four resistors, a steady source of elec-
tromotive force (such as a battery cell) and a galvanometer.

The four resistors are arranged in two parallel paths as
shown in Fig. 18, where the resistors B; and R, form path
ABC, and resistors R; and R, form path ADC. The
battery is attached to the terminals A and C of these parallel
paths and the galvanometer (@) is bridged across the inter-
mediate points B and D. When the resistances of the
resistors have been so adjusted that no current flows through
the galvanometer, the points B and D must be at the same
electrical potential.

If points B and D are at the same potential, the potential
drop from A to D must equal the potential drop from 4

F1a. 18. The conventional diagram of
Wheatstone’s bridge.
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to B. Similarly, the drop from D to C must equal the drop

from B to C.
Let the current in branch ABC be 7; and the current in

branch 4 DC be 7,.

DI‘Op A to B = ’i1R1,
DI‘Op AtoD= 7:2R3,
ilRl = izRa. (1)
Drop B to C = %R,
Drop D to C = 7:R,,

Ry = 4R, (2)
- - 3 R : R
Divide (1) by (2) zi R; = Z_R_:
Therefore % F 712‘3 2
2 4

If any three of these resistances are known in amount,
the fourth can be found from equation (3).

In practice two of the resistors are usually constructed
so that they may be made 10, 100 or 1000 ohms in value.:
A third resistance is variable between wide ranges, usually
from several thousand ohms to a tenth or a hundredth of
an ohm. The fourth is the resistor of which it is desired to
measure the resistance.

Thus in Fig. 18, the resistors R, and R, might well have
values of 10, 100 or 1000 ohms, while R, was the resistor
with the wide-range adjustment. R; would be the same
fraction or multiple of R, that R, was of R,.

Ezample 6. Assume that in Fig. 18, R, was set at 10 ohms
and R, at 1000, and that R, had to be set at 4124.6 in order to
balance the bridge, that is, to obtain a condition in which there
was no deflection of the galvanometer needle. What would
be the value of Rs?

R,

Ra= ER‘

10
= 1000 ——of 4124.6

= 41.246 ohms.









PROBLEMS ON CHAPTER II

7 Prob. 15-2. In Fig. 21,
Resistance of A = 100 ohms,
Resistance of B = 120 ohms,
Resistance of ¢ = 160 ohms.

F [

110 Volts.

A B§ (o

FiG. 21. A combination of series and parallel arrangements of
resistors.

Find:
(a) Current through each resistance,
(b) Resistance of parallel combination (A4 and B),
(¢) Combined resistance of system,
(d) Voltage across each resistance.

z
C
B A

Fic- 22. A combination of series and parallel arrangements of
resistors.

Prob. 16-2. In Fig. 22,
Voltage from 4 to B = 40 volts,
Current through resistance x is 2.5 amperes,
Resistance y = 5 ohms,
Resistance z = 4 ohms.
44
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Find:
Current through y, Resistance of z,
Current through z, Voltage B to C.

Prob. 17-2. In Fig. 23, each lamp takes 12 amperes. Re-
sistance of AB = BC = 0.04 ohm. Resistance of CD = MK
= 0.03 ohm. Resistance of EF = KF = 0.02 ohm. What is
the voltage across Group I and Group II, if the terminal volt-
age of G; = 120 volts and of G, = 125 volts?

B [

<$><><>é><> <><>&3¢<$;

K F
Fig. 23. Two lamp loads fed by two generators, one at each end
of the line.

Prob. 18-2. A storage battery of 240 cells in series is
“floated ”’ at the end of a 4-mile trolley line, the resistance of
which (line and return) is 0.08 ohm per mile. The generator
voltage is 550 volts; each cell has an e.m.f. of 2.1 volts and an
internal resistance of 0.001 ohm. (a) What current will the
cells supply to the line, when there are 5 cars at the battery
end of the line, each taking 65 amperes? (b) What will be the
terminal voltage of the set of battery cells?

Prob. 19-2. What current will the cells-in Prob. 18-2 take

" when there is no load on the line?

P

Prob. 20-2. What current will the generator be delivering
when the 5 cars of Prob. 18-2 are half way between station and
battery? Cars are carrying the same current as in Prob. 18-2.

Prob. 21-2. What current will the battery be delivering to
or receiving from the line in Prob. 20-2?

Prob. 22-2. If there are only two cars on the line in Prob.
20-2, each taking 75 amperes, (a) what current is the generator
delivering? (b) What current is the battery receiving or deliver-
ing?

Prob. 23-2. Six storage cells arranged as in Fig. 24 in two
parallel sets of three cells in series are discharging through a
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resistor of 1.2 ohms. Each cell normally has an e.m.f. of 2.1

volts and internal resistance of 0.02 ohm, but one cell in set 4

has ‘ gone bad ”’ and has an e.m.f. of 1.8 volts and an internal
resistance of 0.14 ohm. What
current is supplied to B by
each set of cells?

Prob. 24-2. If the resist-
ance of R, Fig. 24, is re-
duced to 0.02 ohm, and the
other data left as in Prob.
23-2, what current will flow

Fic. 24. Batteries A and B con- thoygh each set of cells and
nected in parallel are supplying ;;, what direction?
current to the resistor R.

i P AR
. B

Prob. 256-2. If the resist-
ance of R, Fig. 24, is increased to 2.4 ohms and the other data
left as in Prob. 23-2, what current will flow through each set
of cells and in what direction?

Prob. 26-2. A building is supplied by a two-wire system,
the wiring diagram of which is as per Fig. 25. Values on lines
represent the resistances of the various sections of line wire.

0,08 E 08 05 M 0.6
4 B (o}
T 0o
0.08 0.3 0.5 0.6
| -4: » -
0.03 0,04 0.04 0.06
S N
D To Gen.
0.03 0.04 0.04 0.05 L
v P )

Frc. 25. The wiring plan of a two-story factory.

Motor M takes 40 amperes. Each lamp takes 4 amperes and
the resistance of each is constant. (a) Find the voltage across
each set of lamps. (b) Draw a diagram indicating the amount
and direction of the current in each section of line.

v/ Prob. 27-2. If the motor in Prob. 26-2 is not running, what
will be the voltage across each group of lamps in Fig. 25?2 Each
lamp is assumed to take 4 amperes,
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Prob. 28-2. If the jumpers M N and OP are left out of
Fig. 25, what will be the voltage across each set of lamps?
Assume each lamp to take 4 amperes and the motor 40 amperes.

Prob. 29-2. An electric railroad is supplied with power by
substations 10 miles apart. The trolley wire is connected at
frequent intervals with a heavy copper conductor called a
“feeder.”” The two may be considered jointly as equivalent
to a single conductor whose resistance is 0.18 ohm per mile.
The return path from the cars to the sub-stations consists of
the track which is well bonded at the joints and has a resistance
of 0.0305 ohm per mile. At a certain time two cars are running
in the section between these sub-stations, one taking 200
amperes at a distance of 4.5 miles from one end, the other taking
240 amperes at a distance of 3 miles from the other end. The
voltage at the busbars of each power station is 700. What is
the voltage between trolley and track at each car?

i

1 T

:

Fig. 26. The voltage of car C is ‘“boosted”” by means of the
“booster’”” feeder B and F'.

Prob. 30-2. Fig. 26 represents a method of raisingline voltage.
T is the trolley wire and R the rails. F is a feeder which is
connected to the trolley wire at a distance of 4.2 miles from
the power station. B is a booster, t.e., a generator used to
increase the voltage applied to the feeder. The following con-
ditions exist. The terminal voltage of the generator is 600.
The trolley wire has a resistance of 0.064 ohm per 1000 feet.
The rails form a return conductor whose resistance is 0.0061
ohm per 1000 feet. The booster armature has a resistance of
0.024 ohm and generates an e.m.f. of 100 volts. The total
resistance of the feeder is 0.82 ohm. C is a train requiring a
current of 500 amperes. What is the lowest voltage which the
train can receive in the region between the power station
and the point of connection between the feeder and trolley?
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Suggestion: Let x be the distance from the power station to
the train. The minimum voltage occurs when dv/dx is zero.

/ Prob. 31-2. A storage battery and a motor armature are
connected through leads of 0.5 ohm resistance to form a closed
circuit. The chemical e.m.f. of the battery and its internal
resistance are 120 volts and 0.12 ohm respectively. If the
motor armature has a resistance of 0.45 ohm, what e.m.f. must
it generate by rotation in order that the battery may discharge
at its normal rate of 10 amperes?

Prob. 32-2. Two storage batteries are connected in parallel
to be charged from 110-volt mains. As 110 volts is not suffi-
cient to charge the batteries at the desired rate, a booster is
placed in series with one of the mains, connected so that its
voltage adds to the line voltage. The e.m.f. induced in the
booster armature is 6 volts and the armature resistance is 0.06
ohm. The internal resistances of the batteries are 0.20 and 0.33
ohm respectively. The e.m.f.’s induced by chemical action
in the batteries are 108 volts and 110 volts respectively. Com-
pute the current in each part of the circuit.

0,005 Ohm

0.005 Ohm g =t

Fig. 27. The voltage of the “load’’ is made more nearly constant
by means of the storage battery B and the booster D.

Prob. 33-2. The power received at AB, Fig. 27, is used to
operate a group of elevators and fluctuates greatly. A storage
battery (B) is used to equalize the load, in conjunction with a
small dynamo (D) called a booster. The field coils of the
booster are not shown and need not be considered. The booster
is regulated in such a manner as to assist the battery to charge
when the elevators are idle and to assist it to discharge when their
demand is high.

The resistance of the booster armature is 0.012 ohm. The
internal resistance of the battery is 0.015 ohm. In its average
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state of charge the battery sets up an e.m.f. of 225 volts by
chemical action. The voltage between mains at the primary
source of power A B is 230 volts.

(a) What must be the value and what the direction of the
e.m.f. induced in the booster armature in order that the battery
may be charged by a current of 240 amperes when the elevators
are idle?

(b) What value and direction must the booster’s e.m.f. have
in order that the battery and primary source may each supply
half the current when the elevators require 450 amperes?

F1e. 28. The Wheatstone Bridge.

Prob. 34-2. A schematic diagram of a Wheatstone bridge
is shown in Fig. 28. If the galvanometer @, whose resistance
is 18 ohms, registers no current, what is the resistance of X?

Prob. 35-2. In Fig. 28, the battery has an e.m.f. of 2 volts
and an internal resistance of 0.1 ohm; lead and contact resistance
is negligible. (a) What would be the percentage error intro-
duced in determining the resistance of X if the galvanometer
failed to deflect when a current of 10~° ampere was passing
through it from A to B? (b) Would the true value of X be
higher or lower than the value obtained by this measurement?

Prob. 36-2. Two wires each having a resistance of 0.32
ohm connect the terminals of a battery to two points a and b,
between which are three branches whose resistances are re-
spectively 4, 8.25 and 12.5 ohms. The battery generates by
chemical action an e.m.f. of 124 volts and has an internal re-
sistance of 0.16 ohm, (a) What current flows in each branch
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from a to b? (b) What is the voltage across the battery’s ter-
minals?

Prob. 37-2. An electric circuit consists of the armature of
a separately excited generator, two connecting wires and a
storage battery, all in series. The armature has a resistance
of 0.25 ohm and generates an e.m.f. of 115 volts by its rotation.
Each of the connecting wires has a resistance of 0.2 ohm. The
battery has a resistance of 0.12 ohm and generates by chemical
action an e.m.f. of 108 volts opposed in direction to the e.m.f.
of the generator. (a) Find the terminal voltage of the generator.
(b) Find the terminal voltage of the battery.

@115 V9

1.2 Volts
F16. 29. An insulation test of a motor.

Prob. 38-2. The leakage conductance of the insulation be-
tween a pair of wires in a certain telephone cable is v mhos per
mile. The resistance of the conductor is r ohms per mile.
Considering differential elements of insulation as connected in
parallel by the conductors, compute the current input to the
power end of the line when a potential of V, volts is applied
to this end. Assume that the distant end of the line is open.
Compute the home-end resistance of the line by dividing the
input voltage by the input current. If

v = 0.0008 mho per mile,
r = 53 ohms per mile,
length of cable = 10 miles,
Vo = 100 volts,

compare the home-end resistance obtained by the above method
with the leakage resistance obtained by dividing the leakage re-
sistance per mile by the length of the cable. This problem re-
quires knowledge of hyperbolic functions,
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£~ Prob. 89-2. In Fig. 29, one brush of the motor is attached
to one side of a 115-volt circuit. The other side of the circuit
is attached to the frame of the motor through a voltmeter which
reads 1.2 volts. The resistance of the voltmeter is 18,650 ohms.
What is the insulation resistance between the armature and
the frame of the motor?

Prob. 40-2. Find the resistance c
between the points 4 and B in
Fig. 30. The numbers on the figure
indicate resistances.

Prob. 41-2. Compute the re-
sistances in Fig. 30 between the
points

(1) A and D,
(2) B and D :
@) Cand D. o 2 B

Prob. 42-2. A single-track rail- e ks
road line is 5 miles long and is  r2ngement of resistors.
supplied with power from power
stations at its two ends. The positive conductor consists of
a third rail reinforced by a copper cable in parallel, the com-
bination having a resistance of 0.0493 ohm per mile. The
negative conductor consists of a pair of bonded track rails in
parallel, the combination having a resistance of 0.0305 ohm
per mile. The station at one end maintains a potential
difference of 600 volts and that at the other end 575 volts
between positive and negative conductors.

At what point along the line would an electric locomotive
requiring 1200 amperes receive a minimum voltage between
third rail and track? What would this voltage be, and what
current would each station supply when the locomotive was
at the point in question?




CHAPTER III
ELECTRIC POWER AND ENERGY

A current of electricity flowing along a conductor has been
likened to a current of water flowing in a pipe. The analogy
is so close that we may use the same method to compute
the power required to maintain either a current of water
or a current of electricity.

22. The Power Equation. A pump which is forcing a
steady current of I pounds of water per second against a
head or pressure of E feet is doing work at the rate of I X E
foot-pounds per second. An electric generator which is
causing a steady electric current of I amperes to flow under
a pressure of E volts is doing work at the rate of I X E
volt-amperes.

Since power is the time rate of doing work, the pump is
said to have a power of I X E foot-pounds per second and
the generator a power of I X E volt-amperes or watts.
In direct-current circuits

1 volt-ampere = 1 watt.

In the form of an equation this is usually expressed
PE=STOS)
in which
P = power in watts,’

I = current in amperes,
E = pressure in volts.

=

For convenience 1000 watts is called a kilowatt.

The power equation, as well as Ohm’s and Kirchhoff’s
laws, applies in simple form only to direct-current ecircuits.
It can also be extended to cover the power involved in the

flow of alternating currents.
52
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Example 1. At what rate is a pump working which is
delivering 3000 pounds of water per second against a head of
22 feet?

P=1IE
= 3000 X 22 ft. Ib. per sec.
66,000
or W = 120 h.p.

Ezxample 2. A generator is delivering 300 amperes at a
pressure of 220 volts. What power is it delivering?

P =1IE
= 300 X 220
= 66,000 watts
66,000 ;
or m = 66 kilowatts.

The following relations exist between electric units of
power and mechanical units of power:

1 watt = 0.737 foot-pound per second

1 kilowatt = 1.34 horse power

1 foot-pound = 1.356 watt-seconds

1 horse power = 746 watts

or £ kilowatt (practically).

23. Voltage Not a Force. In the case of the flow of a
fluid such as water, the equation for the power is
Power = Pressure X Current.

Therefore
Power

Current

Pressure =

The thing we call pressure is therefore merely the power
per unit current. ' Since the same equations hold in electric
power, the voltage also must be the power per unit current
of electricity. Because of the similarity of the equations
for water power and for electric power, the electric voltage
is called the electric pressure. The similarity between elec-
tric voltage and water pressure does not extend much fur-
ther, for while water pressure can be expressed in terms of
mechanical force, electric voltage remains strictly the
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power per unit current and is not a force in the usual sense
of the word. There is such a quantity as an electric force
which is explained in Chapter XIIL.

24. Use of the Power Equation. The same precautions
must be exercised in the use of the power equation (P = IE)
that are exercised in the use of Ohm’s law. The power
equation like Ohm’s law may be applied to the whole of an
electric current or to any part. But also, as in the use of
Ohm’s law, when the power of the whole circuit is to be
computed, the summation of the electromotive forces of the
entire circuit must be used for E. Similarly when the
power of only a part of a circuit is to be computed, the value
used for £ must be the potential difference across that part
of the circuit only, and the value of the current used for I
must be the current through the same part of the circuit only.

2 Ohms )
p:} 6 Amperes
i
G
i [ ]
= Ohms
=
2] 2 Ohms
F1a. 31. The generator G supplies power to the lind and the

motor M.

Ezample 3. In Fig. 31, the generator generates an electro-
motive force of 250 volts. The generator has a resistance of
1/5 ohms and the line wires have resistances of 2 ohms each.
'What power is delivered to the motor M?

Power (to motor) = Current (through motor) X volt-
age (across motor).

Voltage across motor = electromotive force of generator
— IR drop in generator and line
wires .

=250 — (5XLS5) — (5 X4)

222.5 volts.

Current through motor = 5 amperes.

Power to motor 222.5 X 5

1112.5 watts

1.11 kilowatts.
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It will be noted that the result in the above has been
rounded off to three figures. It would hardly be correct to
express the result as 1.1125 kilowatts for we cannot measure
as closely as this by any ordinary means. The number of
figures given in a result should correspond to the accuracy
which can be attained under the conditions of the problem.
Ordinary voltages, currents and powers can be quickly
measured with the usual instruments with the accuracy of
about one-half of one per cent. By using care and special
instruments they can be measured somewhat more accu-
rately.

25. Power Consumed by Resistance. We have seen
that the voltage required to force a current of I amperes
through a resistance of R ohms is IR volts.

From this relation we can determine the power consumed
in sending a current through a resistance.

P=1IE
but E=1IR,
Therefore
P =I*R
also
I = 5
Therefore ey
P = _I_B L]
We thus have three forms for the power equation

E’2
P=JE=1IR= 7

The form P = IE is universal, in that P is the power re-
ceived or delivered when a current of I amperes flows under
a pressure of E volts.

2
The forms P = IR and P = %apply only when E is

the pressure required to send a current of 7 amperes through
a resistance of F ohms.
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Ezxample 4. How much power is expended in overcoming
the resistance of the line wires of Fig, 317

2
Pr = I’R =—EI?R=IER

Where

Pr = power consumed by resistance R,

Er = voltage used in sending current through R
=4 X 5 = 20 volts,

I = current through R,

Pr =I’R =5 X5 X4 = 100 watts
or
E?, 20 x 20
eSS T 100 watts

" or

IEp =20 X 5 = 100 watts.

It may often be necessary to apply both forms of the
equation to one part of a circuit in order to determine how
the power is consumed or expended. This happens when
power in a given part of a circuit is expended in more than
one way.

Thus in the generator in Fig. 30, the power generated is
expended in two ways, — first, in sending the 5-ampere
current through the generator against the 1.5-ohm internal
resistance, and second, in delivering current to the outside
line.

Ezxample 5. How much power is delivered to the line by
the generator in Fig. 31?

Total power generated
Po="LE

5 X 250
1250 watts.
Power consumed by internal resistance
Pr = I’R
: (Tl Ly e L)
= 37.5 watts.
Power delivered to line
= P — Pp = 1250 — 37.5
= 1212.5 watts,
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Or the power consumed by internal resistance may be found
as follows:

Voltage (Ez) used to force current through—eurrent—7-

through internal resistance R
IR

o

5 %X 1.5
7.5 volts.
R

IEz
ST
37.5 watts.

Power consumed i

e

In all of the above equations for computing the power
used in the resistance R, note that the voltage used is Eg,
the voltage required to force the current through the re-
sistance R.

In the case of a motor, part of the electric energy deliv-
ered to it is used to overcome the resistance of the windings,
the rest is transformed into mechanical power, some of
which is in turn lost in friction and in other losses to be
studied later.

Example 6. If the resistance of the motor in Fig. 31 is 3
ohms, how much mechanical power is developed?
In Example 3 we determined that 1110 watts were delivered
to the motor.
Power consumed by resistance of motor

PR = I2><Rr
=5X5X%X3
= 75 watts.
Power transformed into mechanical power
P — Pp=1110 — 75
= 1035 watts
or il 1.39 horse power.

746

Some of this mechanical power would be used in over-
coming the frictional resistance to motion, etc., so that the
motor would probably deliver about one horse power which
could be used in driving other machinery.
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Prob. 1-3. A 110-volt motor having 0.625 ohm resistance
receives 4.20 kilowatts at its terminals. What mechanical
horse power is developed in the motor?

Prob. 2-3. Fig. 3la represents the electrical circuit of an
arc lamp. The voltage across the terminals is 50 volts, and
across the arc alone it is 40 volts. The arc takes 6.2 amperes.
The resistance of the shunt coil S is 380 ohms. Find

(@) The power consumed by the lamp,
(b) The resistance of the ballasting resistance R,
(¢) The power consumed by the resistances S and R.

o

0.09 Ohm A B
S R
L
&
: * | Q0Q0
8
X
~ \ 0.14 Ohm
C D
F1a. 31a. The cir- Fig. 32. The generator G supplies power to the
cuits through an motor M and the lamps L.
arc lamp.

Prob. 3-3. The motor M in Fig. 32 has a resistance of 1.03
ohms and takes 20 amperes. Each lamp at L has a resistance
of 40 ohms and takes 2.42 amperes.

(a) What power is taken by the lamp bank L?

(b) What power is taken by the motor?

(¢) How much electrical power is converted into me-
chanical power in the motor?

(d) How much power is lost in the line wires?

26. Measurement of Electric Power. Since in direct-
current measurements the power is the product of the
volts and amperes, the combination of a voltmeter and an
ammeter may be used to measure the power in any part of
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a circuit. However, these two instruments have been com-
bined in one instrument called a wattmeter.

The current is led through the field coils FF (Fig. 33)
making a magnetic field proportional to the strength of the
current. The voltage is impressed on the coil P which has
a high resistance K in series
with it. The turning tendency
of the coil P is, therefore, pro-
portional to the product of the
current by the voltage, that is,
to the power in a direct-current
circuit.

An instrument of this type
usually has four terminals, two
for the current leads and two
for the voltage leads. The greatest care must always be
exercised not to confuse these two sets of terminals, for
inasmuch as the current coils are of very low resistance,
the instrument is ruined if the mistake is made of connect-
ing the voltage leads to these coils.

Fig. 34 shows the proper method of connecting a watt-
meter to indicate the power taken by the bank of lamps (B).

oV Ve
T E
B
; i
'_._——-..A
Fia. 34. The wattmeter measures the power taken by the lamp
bank B.

F1a. 33. The wiring diagram
of a wattmeter.

The reason that a separate instrument is used for a watt-
meter, instead of simply a voltmeter and an ammeter, is as
follows. In a circuit in which the current is steady, that is,
in a direct-current circuit, the power is equal to the product
of E and I. When the current and voltage in the circuit
are varying this is not true unless they are varying in ex-
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actly similar manner. The relation is, however, true for
the instantaneous voltage, current and power in any circuit.
When used in a circuit in which the current and voltage are
varying, the wattmeter gives a deflection corresponding to
the average of these instantaneous values, and hence shows
the actual average power in the part of the circuit to which
it is connected. This cannot be done except where the
wattmeter arrangement of coils is used. Hence while a
wattmeter is not necessary in order to measure direct-cur-
rent power, it is the only convenient way in which alter-
nating-current power can be measured.

27. Electric Energy. Since power is the rate of doing
work, the total amount of work done or energy expended
in a given time is the product of the power and the time.
Thus a 25-horse-power steam engine running at full load for
4 hours does 25 X 4 or 100 horse-power-hours of work.
Similarly a 25-kilowatt generator running at full load for
4 hours delivers 25 X 4 or 100 kilowatt-hours of electric
energy. A kilowatt-hour is the energy delivered or re-
ceived by an appliance in one hour if the power is main-
tained at one kilowatt.

Similar units of electric energy are the watt-hour and the
watt-second or joule. The values of these are evident from
the names.

1 kilowatt-hour = 1.34 horse-power-hours.
1 watt-second (joule) = 0.737 foot-pound.

Prob. 4-3. If it costs a total of $0.0126 per kilowatt-hour
to generate electric energy, at what price must it be sold per
horse-power-year in order to realize a 10 % profit? Assume the
power is to be used 24 hours per day and 365 days per year in
a chemical plant.

Prob. 6-3. A generator supplies for 8 hours per day 40 kilo-
watts at 110 volts to a motor load situated 500 feet from the gen-
erator. The resistance of the line wires is 0.049 ohm per 1000
feet. It costs $0.056 per kilowatt-hour to generate electric en-
ergy. How much money would be saved in a year of 300 days by

doubling the voltage of the motors and generator and supplying
the motors with the same power?
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Prob. 6-3. How many 25-watt lamps can be used (on the
average) for 21 hours per night if the monthly bill is not to
exceed $3.20? The price of electric energy is 10 cents per
kilowatt-hour; a month is to be reckoned as having 30 days.

28. Heat Energy of Electricity. We have seen that when
a current I is made to flow through a resistance R, energy
is expended at the rate of
I’R watts. This energy .
is all transformed into
heat just as all mech-
anical energy which a
machine uses in overcom-
ing friction is transformed
into heat. This fact is
- strikingly called to mind
in Fig. 35, which is a
photograph of a large
transformer. Note that
a special arrangement of
pipes is necessary so that
the oil in the case can
circulate and be cooled
by the air passing over
the pipes. Much of the
heat thus dissipated origi-
nates in the coils and is
due to the passage of the :
electric current through Fie.35. A typical self-cooled radiator-
the resistance of the coils, ~ type transformer of over 2000 kw.

Thus the energy, re- (gmpaclty. Westinghouse Elec. & Mfg.
presented by the expres- i
sion (I?Rt), always appears as heat and can be expressed
equally well in heat units as calories or in electric units as
watt-seconds. It is necessary to know merely the relation
of a calorie to a watt-second. Careful measurements have
determined that one watt-second equals 0.24 calorie.
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Thus
H = 0.24 I’Rt,
where
H = heat generated in calories,
I = current in amperes,
R = resistance in ohms,
¢t = time in seconds.

Of course the expression IEgt or —E%" can be used in the

place of I*Rt, providing Er represents just the voltage re-
quired to force the current I through the resistance R.

Ezample 7. An electric water heater designed to operate
on 110-volt lines has a resistance of 15 ohms. How long will
it take to raise the temperature of a cup of water containing
250 grams from 10° C. to 90° C., assuming no loss of heat
from the cup, and neglecting the specific heat of the cup itself?

Heat required to raise 250 grams of water 80° C.

H =80 x 250
= 20,000 calories;
also =
t
= 0. 4_ _R_.
H =0.2 2
Therefore
20,000 = 110 x 110 X 0.24¢
15
20,000 X 15

T 110 x 110 X 0.24
= 103.3 seconds
= 1.72 minutes.

29. Efficiency of Transmission. Regulation. Since some
energy is always transformed into heat whenever an elec-
tric current flows, no scheme of transmission can have an
efficiency of 100 9. In other words, the I?R loss is always
present in the conductors of the transmission line whenever
any eleetric energy is being transmitted. _

The efficiency of transmission may be defined as the
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ratio of the useful output to total input of the line. In the
low voltage systems (under 5000 volts) generally used for
short-distance transmission of direct currents, the I?R loss
is practically the only loss in the line. Computing the
efficiency of transmission of such a line is therefore easily
done.

Ezample 8. In the system shown in Fig. 36, the appliances
at B draw 16 amperes and those at A, 20 amperes. The re-

0.125 Ohms 0.1875 Ohms
19000000 200000
0.125 Ohms 0.1875 Ohms

Fra. 36. A transmission system supplying power to two groups of
lamps from one generator.

sistance of line and return between the generator G and group
4 is 0.25 ohm; between A and B 0.375 ohm. What is the

efficiency of transmission?

Total input into line 125 x (20 + 16)

= 4500 watts.
I’R loss between G and A = 36% X 0.25

= 324 watts
I’R loss between 4 and B = 162 X 0.375

= 96 watts.
Total line loss = 96 + 324

= 420 watts
Useful output = 4500 — 420

= 4080 watts.

Efficiency = Lo R L 90.79%,.

input ~ 4500

As a check we may compute the output more directly as
follows:

Line drop Gto A = IR
=36 X 025 =~
=9 volts.
Voltage across A =125 — 9

116 volts.
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116 X 20
2320 watts.
IR

16 X 0.375
6 volts.

116 — 6

110 volts.
110 X 16
1760 watts.
Total power used by 4 and B = 2320 + 1760

Power used by A

Line drop A to B

Voltage across B

Power used at B

0

The regulation of a transmission line is a measure of the
drop in voltage when the line is loaded. It is defined as
the rise in terminal voltage when the load is changed from
full load to no load, divided by the full-load voltage. The
regulation of a generator or an alternating-current trans-
former is defined in exactly similar manner. The regulation
of a transmission line should be low in order not to subject
the load to undesirable fluctuations of voltage.

Ezample 8 (continued). Assuming the load above to be
full load for the transmission line, we may compute the reg-
ulation as follows:

Voltage at B, full load = 110 volts.
Voltage at B, no load
(same as generator voltage) = 125 volts.
Change of voltage, no load to full load, =125 — 110
= 15 volts.

Regulation = 11—15(-) = 0.136 = 13.6%.

In making this computation we neglect any possible
change of generator voltage with load, as we wish to com-
pute the regulation of the transmission line only.

Prob. 7-38. An electric circuit has the form of a loop, i.e.,
each conductor is connected to the power station busbar of
like sign at both ends. The loop is 1.25 miles long and each
conductor has a resistance of 0.26 ohm per mile. The two bus-

bars at the power station have a potential difference of 575
volts. The loop circuit supplies two shop buildings, one at a
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distance of 1800 feet from one end of the loop taking 400 am-
peres and the other at a distance of 2600 feet from the other
end of the loop taking 560 amperes. What is the voltage
between lines at each shop?

(a) What is the efficiency of transmission?

() Determine the voltage at each shop and the efficiency of
transmission if that portion of the loop between the two shops
were omnitted.

Prob. 8-3. The field coils of a certain generator contain
20 pounds of copper (specific heat 0.095). The weight of the
insulation is negligible. The resistance of the field coils is
250 ohms. How fast would the temperature rise if there were
no cooling by convection or radiation and a current of 2.4
amperes were flowing in the coils?

Prob. 9-3. In Fig. 37, station I takes 50.0 amperes and
station IT takes 65.0 amperes. The resistance of AB and of
BC each equals 0.0412 ohm. The resistance of CD and of

A B C D
+ +
I II
M K F E

Fia. 37. A transmission system where two generators are used to
supply power to two stations. '

MK each equals 0.0330 ohm. The resistance of EF and of KF
each ‘equals 0.0214 ohm. The terminal voltage of G, is 121
volts and of G, is 125 volts.

(a) What is the voltage regulation at station I?

(b) What is the voltage regulation at station II?

(¢) What is the efficiency of transmission?

Prob. 10-3. If generator G; were removed from the line
in Fig. 37 and all other data remained as in Prob, 9-2, compute

(a) The voltage regulation of station I,

(b) The voltage regulation of station II,

(c) The efficiency of transmission.
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30. The Three-wire System of Transmission. In order
to transmit a given amount of power over a line with as
small I2R loss as practicable, it is necessary to make the
current as small as possible. This can be done by increasing
the voltage of transmission. Thus 10,000 watts may be
transmitted in the form of 100 amperes at 100 volts pressure
or of 50 amperes at 200 volts pressure, or in any other form
the factors of which multiplied together equal 10,000 watts.
But if transmitted as 50 amperes at 200 volts, the line loss

or 1 as much as if it were transmitted as

2
would be only 150%2

100 amperes at 100 volts, the same line being used in both
cases. Thus doubling the voltage has decreased the line
loss to one-quarter as much.
For a given amount of power transmitted over a given
line: _
The line loss is prop6rtional to the square of the line
current.
The line current is inversely proportional to the line
voltage. -
Therefore the line loss is inversely proportional to the
square of the voltage of transmission.

Prob. 11-3. At a certain place there are available 30 kw.
of electric power. The line wires from this place to the load
have a resistance of 1.5 ohms each. Plot a curve between
efficiency of transmission and voltage at sending end for values
of voltage varying from 100 volts to 10,000 volts.

In direet-current systems, only a limited advantage can
be taken of the higher efficiency of high-voltage transmission.
While motors can be constructed for operation at fairly
high voltages, nearly all the other ordinary electrical ap-
pliances are operated most easily at about 110 volts.

This is particularly true of electric incandescent lamps.
A lamp constructed to operate at 220 volts or 550 volts, for
instance, would be expensive and of short life.

With alternating currents we are not subject to limitation
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in this regard. Alternating-current power can be trans-
formed from one voltage to another at will, by reliable
stationary apparatus, and with little loss. The alternating-
currerit transformer hencé makes possible the transmission
of large amounts of power over distances of even 200 miles
and at voltages as high as 220,000 volts. At the point
where it is utilized it may be transformed down to a safe
convenient voltage around 110 volts. In fact,it is usually
transformed several times between generator and user.
The distance to which power can be transmitted econom-
ically depends upon the amount of power to be carried and
the voltage used. Direct-current transmission is hence
limited to comparatively short distances, although many
miles of track are covered by a single station in direct-
current railway practice where voltages of 3600 and even
higher are used.
A . )‘

99 6

110 Volts

=0

110 Volts

S

F1a. 38. Two generators in series used to supply a three-wire system
to which are attached 110-volt lamps and a 220-volt motor.

Since there is no direct-current transformer, direct-cur-
rent power must be transmitted at practically the same
voltage at which it is used. Much advantage, however, is
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gained by using three wires instead of two. Thus in Fig.
38, two 110-volt generators are shown connected in series,.
Therefore, across the outside conductors 4 and B there are
impressed 220 volts, while only 110 volts exist between either
of these conductors and the neutral wire N. Accordingly
the lamps have practically 110 volts across them, while
the motor has about 220 volts. This system therefore com-
bines the advantage of affording both 110 volts and 220
volts, and yet having nearly the efficiency of a 220-volt line.

The greatest efficiency is secured when the loads on both
sides of the neutral are ‘ balanced’” so that no current
flows in the neutral. This is the condition which should
be approximated.

Instead of connecting two generators in series, it is cus-
tomary to use a special three-wire generator, or a large gen-
erator and a balancer set. These machines are fully de-
scribed in texts on electrical machinery.

Prob. 12-3. Assuming that the cross-section of a con-
ductor must be directly proportional to the current it is to
carry, compare the weight of copper required by a three-wire
system with the weight required by a two-wire system trans-

mitting the same amount of power. All three wires in the three-
wire system are to be the same size.

Prob. 13-3. Each lamp in Fig. 39 takes 1.2 amperes. Find:
(1) Line drop,

(2) Voltage across each set of lamps,

(3) Efficiency of transmission.

Prob. 14-3. If the lamp bank marked S, Fig. 39, is turned
off, and the resistance of the other lamps remains the same
as in Prob. 13-3, find:

(1) Line drop,

(2) Voltage across remaining sets of lamps,

(3) Efficiency of transmission.

Prob. 16-3. Assume that each lamp in Fig. 40 takes 2
amperes and that the resistance of the lamps remains constant.
The brush potential of the generator is 220 volts. Each small
machine maintains a terminal voltage of 110 volts. See Prob.
20-3. Find:
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(a) Line drop in each section,

(b) Voltage across each set of lamps,

(c) Efficiency of transmission.

Prob. 16-3. If a break occurs in the neutral between O and
S, Fig. 40, what would be the values of (@), (b) and (c), Prob.
15-3? Lamp resistance remains as in Prob. 15-3.

M A B
- 0.2 0hm 0.3 0hm
2
o
> O
S
o c D
0.20hm 0,3 Obhm
oL
2
N 0.20hm E 0.30hm P

Fia. 39. Two generators feeding a balanced three-wire system.

M o.20nms R 0.2 Ohms T
A c
0 0.2 Ohms 0.2 Ohms 14
S
D
0.4 Ohms
N w

F1a. 40. A generator with a balancer set supplying power to a
three-wire system,

Prob. 17-3. If a break occurs in the neutral between S
and V, Fig. 40, what would be the values of (a), (b) and (¢),
Prob. 15-3?



SUMMARY OF CHAPTER III

Direct-current electric power is measured in watts and can
be computed from the equations
P =1IE
= IR
E2

R
2

The quantities I’R and g represent power consumed by the

resistance R, which appears as heat in the resistor.

The units of electric energy are the watt-second, commonly
called the joule, and the kilowatt-hour.

The watt-second equals 0.24 calory. Thus the heat lib-
erated by an electric current can be obtained from the equation

H = 0.24 I’Rt,
where
H is in calories,
I is in amperes,
R is in ohms,
t is in seconds.
The efficiency of electric transmission is the fraction

power delivered to load
power received from generator

In the transmission of a given amount of power, the line loss
is inversely proportional to the square of the voltage of trans-
mission. Thus the higher the voltage, the higher the efficiency
as far as it depends upon the I’R loss of the line.

Because of the higher voltage of transmission available,
the three-wire system is in general use for direct-current
distribution.

The voltage regulation of a line is

no-load voltage — full-load voltage
full-load voltage

These voltages are measured at the point where the load is
attached to the line.

70



PROBLEMS ON CHAPTER III

Prob. 18-3. A shunt dynamo acts as a generator and sup-
plies 4710 watts of power to a lighting system connected across
its terminals. In addition the armature supplies the exciting
current to the field coils which have a resistance of 136.4 ohms.
The armature resistance is 0.12 ohm and the terminal voltage
124. (a) What is the armature current? (b)) What e.m.f.
is generated in the armature? (¢) What power is lost as heat
in the windings?

Prob. 19-3. A shunt generator supplies power to charge a
storage battery. The armature of the generator has a resist-
ance of 0.32 ohm. The shunt field winding of the generator
has a resistanee of 140 ohms. Each of the two conductors
leading to the battery has a resistance of 0.2 ohm. The bat-
tery exerts by a chemical action an e.m.f. of 112 volts and has
an internal resistance of 0.08 chm. What e.m.f. must be set
up in the armature of the generator to charge the battery at
the rate of 24 amperes? If the rotational losses of the generator
at this state are 160 watts, what mechanical power must be
employed to drive the generator? What percentage of this
mechanical energy is stored chemically in the battery?

Prob. 20-3. Fig. 41 represents the method of supplying a
three-wire system from a two-wire source by the aid of a bal-
ancer sef. At the original two-wire source a constant potential
difference of 236 volts is maintained. The balancer set com-
prises twin dynamo machines whose armatures A and B are
mechanically coupled and electrically in series between the
outside wires. The middle wire is led out from the intermediate
point. Each armature of the balancer set has a resistance of
0.028 ohm. The line resistances are as indicated. When the
three-wire system is unloaded, the balancer set runs idle as two
motors in series. When one side of the three-wire system is
loaded more heavily than the other, the machine on the heavily
loaded side operates as a generator and is driven by the other
machine running as a motor. The field windings of the bal-
ancer set, not shown in the sketch, are to be so regulated that
equal voltages are to exist between R and S and between S
and T. The load on one side is 80 amperes and the load

71
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on the other 10 amperes. The rotational losses of the balancer
set amount to 472 watts and are supplied from the primary
two-wire source.

MWWWWWWN—————E

0.018 Ohm

236 Volts

0.018 Ohm

\ - T
Fia. 41. A diagrammatic representation of a generator with a
balancer set supplying power to a three-wire system.

(@) What e.m.f.’s must be induced in the two armatures
under the circumstances above described?

(b) What are the voltages between B and S, and S and T7?

() What are the voltages between R and S, and 8 and T
when the load on each side is 80 amperes?

Prob. 21-3. If in Prob. 20-3 the load is removed between
the lines R and S, what will be the voltages generated in the
two armatures and what will be the voltage across line ST
at a load of 80 amperes?

Prob. 22-3. A garage storage-battery set has been proposed
having the following points: 1st, a d-c. generator having a
70-volt and a 105-volt adjustment, and an internal resistance
under these two conditions of 0.15 ohm; 2nd, a smaller ma-
chine having two armature coils capable of generating 5 volts
each. The internal resistance of each 5-volt coil is 0.04 ohm.
These may be arranged so that they separately buck or boost
the main generator voltage. In this way combinations can
be obtained to give voltage from 60 to 115 volts in 5-volt steps
with the exception of 85 volts and 90 volts. The rotational
losses in the two machines total 400 watts. It is desired to
charge 7 batteries of average back e.m.f. of 11.2 volts at a 40-
ampere rate for 8 hours. Determine the arrangement of the
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coils of this system so that the charging rate nearest to 40 am-
peres can be obtained. Under this condition find the saving
over a system using a plain 115-volt generator with resistance in
series with the batteries to control the current. Rotational
loss, 300 watts. The cost of electric energy may be taken as
three cents per kilowatt-hour. The average battery internal
resistances is 0.03 ohm. (Electrical Review, Vol 60.)
Prob. 23-3. In Prob. 22-3 what would be the overall charg-
ing efficiency for both systems and what would be the losses?
Prob. 24-3. A certain railroad electrification is five miles

long. Power is sent out over a 1,000,000-circular-mil feeder
whose resistance is 0.057 ohm per mile. The feeder is tied at
both ends and every half mile to a # 0000 trolley wire whose
resistance is 0.26 ohm per mile. The resistance of the return
rail circuit is 0.02 ohm per mile. The generator, which is
separately excited, has an armature resistance of 0.05 ohm and
an induced electromotive force of 600 volts. At the distant
end of the line is a storage battery whose resistance is 0.3 ohm.
A train taking 700 amperes is three miles from the generator
end of the line. If the generator is supplying 600 amperes, find:

(a) Voltage at generator end of the line,

(b) Voltage at car,

(c) Voltage at battery end of line, -

(d) Electromotive force of battery,

(¢) Number of coulombs delivered by the battery in ten

seconds,
(f) Kilowatts input to car.

Prob. 25-3. If the controller on the train (Prob. 24-3)
should be shut off so that no current was taken by the frain,
how much current (if any) would flow into the battery?

Prob. 26-3. Two railroad substations are 6 miles apart.
The trolley wire is reinforced by a heavy copper feeder and the
two in parallel are equivalent to a conductor whose resistance
is 0.018 ohm per 1000 feet. The two rails serve in parallel as
a return conductor and have a combined resistance of 0.006
ohm per 1000 feet. At a distance of 2.5 miles from one end of
the line a train is running at a speed of 30 miles per hour against
an opposing force of 7200 pounds. The electrical equipment of
this train has an efficiency of 86 %. The voltage between bus-
bars at the substations is 700. What is the voltage between
trolley and track at the train? What current does the train
receive from each substation?
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Prob. 27-3. If a train moves from one end of the railroad
referred to in Prob. 26-3 to the other end and requires at all
times a current of 800 amperes, by what equation may the
voltage at the train be expressed in terms of its distance, X,
from the end of the line? Draw a curve to indicate approxi-
mately the general nature of the relation between the position
of the train and the voltage acting on it.

Prob. 28-3. A railroad line is supplied with power from
both ends. At one end a power station maintains a constant
voltage between positive and negative busbars of 600. At the
other end is a storage battery which sets up an e.m.f. of 540
volts by chemical action. The internal resistance of this
battery is 0.08 ohm. The positive conductor is a trolley wire
in parallel with a feeder, the two having a combined resistance
of 0.098 ohm per mile. The negative conductor consists of the
two track rails in parallel and has a resistance of 0.032 ohm per
mile. The total length of the line is 7.2 miles. If only one
train is running and is located 4 miles from the power station,
what voltage is applied to it when it takes 200 kilowatts?

Prob. 29-3. A generator supplies power to a trolley load.
Three miles from the generating station is a storage battery
connected between trolley and rail. Two miles beyond the
storage battery is a car taking 50 kilowatts. The trolley
wire is # 0000 having a resistance of 0.26 ohm per mile. The
resistance of the rail return (including both rails) is 0.04 ohm
per mile. The e.m.f. and internal resistance of the storage
battery are respectively 580 volts and 0.5 ohm. If the battery
is discharging at the rate of 40 amperes, calculate the current
taken by the car, the voltage at the car, the current delivered
by the generator and the voltage at the generating station.

Prob. 30-3. How far from the generating station in Prob.
29-3 would the car be if the storage battery were just floating
on the line (neither charging nor discharging)? The car still
takes 50 kilowatts.

Prob. 31-3. How many kilowatts must be supplied to an
electric steel furnace which is to deliver 1 ton of steel per hour?
Consider 10 % of the heat to be lost in radiation.

Average specific heat of steel = 0.167
Average temperature of fusing point = 2400° F.
Average latent heat = 50 B.t.u. per lb.
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Prob. 32-3. At 5 cents per kilowatt-hour, what would be
the expense per day of 10 hours for heating a room containing
15 persons? Allow 30 cubic feet of air per minute per person.
Air enters at 40° F. and is heated electrically to 70° F. Spe-
cific heat of air (constant pressure) is 0.237. Average weight
of air is 0.08 pound per cubic foot. Allow 15 % loss in radiation,
ete.

Prob. 33-3. A water rheostat is used as a load during a test
on a 25-kilowatt generator. The water flows into the tank of
the rheostat at a temperature of 54° F. and flows out at
170° F. How much water per hour is used if the generator
is kept at full load? Neglect radiation and evaporation.

A 0.26 Ohm B 0.9 Ohm C 0.a30mm D
2
E 1-300 Amps 11-200 Amps,
=
5 [BARAR] agn
y  —
H 0.04 Ohm K 0.06 Ohm F 0.020m E

Fia. 41a. Trolley cars fed from both ends of the line.

Prob. 34-3 Generator G; in Fig. 41a maintains a terminal volt-
age of 555 volts. What is the efficiency of transmission when car
No. I takes 300 amperes and car No. II, 200 amperes? The
resistances of the different sections of the wire and track are as
marked.



CHAPTER IV
THE COMPUTATION OF RESISTANCE

The resistance of a conductor is directly proportional to
its length and inversely proportional to its cross-sectional
area. If therefore the resistance of a conductor of given
material of unit length and unit cross-section is known, it is
possible to find the resistance of a conductor of the same
material whatever its length or cross-section.

31. Resistivity. Expressed as an equation the above
relation is

R=p—> ¢))

N

where

R = the resistance of the conductor in ohms,

1 = the length of the conductor,

A = the cross-section area of the conductor,

p = the resistance of a conductor of unit length and
unit cross-section, called the resistivity of the
material.

The unit length chosen for international use is one centi-
meter and the unit area of a cross-section is one square
centimeter. The resistance of such a centimeter cube is
called the resistivity in ohm-centimeters. Of ordinary an-
nealed-copper wire, at 20° C., determined from careful tests
upon samples of the present-day grades in common use, the
resistivity is 0.00000172 ohm-centimeter, usually stated as
1.72 microhm-centimeters.

0
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Ezample 1. What is the resistance of an annealed-copper
strap 45 centimeters long with a cross-section of 3 X 0.5 cen-
timeters?

o,
A pA
_L72 x 45
~ 05X%x3

Prob. 1-4. Prove by Ohm’s and Kirchhoff’s Laws that the
resistance of a conductor is directly proportional to the length
and inversely proportional to the cross-section area.

32. Resistance per Mil-Foot. Since, in America, the
length of a conductor is usually measured in feet, it is cus-
tomary to express ! in equation (1) in feet. Similarly, since
conductors are usually made circular in cross-section, it is
customary to use circular rather than square measure in
denoting the area of the cross-section. The unit of area
chosen is the circular mil, which is the area of a circle one
mil (one thousandth inch) in diameter. The area of a
circle varies as the square of the diameter. Since the area
of a circle one mil in diameter is one cireular mil, the area of
any circle in circular mils equals the square of its diameter
in mils. A wire having a length of one foot and a cross-sec-
tion area of one circular mil is called a mil-foot wire.

It is the resistance of this mil-foot wire expressed in ohms
which is used for the value of p in the abave equation when
the length of the conductor is expressed in feet and the
cross-section area in circular mils.

For this reason the equation is often written

!
=4 (2

R

= 51.6 microhms.

where
p = the resistance per mil-foot,
I = the length in feet,
d = the diameter in mils.

The resistance per mil-foot of annealed copper is 10.4
ohms at 20° C,



78 PRINCIPLES OF ELECTRICAL ENGINEERING

Example 2. What is the resistance per mile at 20° C. of
an annealed-copper conductor % inch in diameter?

1in. = 0.125 in. = 125 mils

ol

R -
_10.4 x 5280
T 125 X 125

= 3.51 ohms

33. Resistivity of Metals used as Electrical Conductors.
The three metals most used as electrical conductors are
copper, aluminum and steel.

Soft-drawn copper has a resistivity of 1.724 microhm-
centimeters at 20° C. and is the metal in greatest use as a
conductor.

Hard-drawn copper is nearly 509, greater in tensile
strength and has a resistivity of 1.772 microhm-centimeters,
less than 3%, greater than annealed copper, and is therefore
extensively used for transmission lines.

Aluminum has a resistivity of 2.828 microhm-centimeters
at 20° C., about 1.6 that of copper, but this disadvantage is
often more than offset by its small weight per cubic centi-
meter, a conductor of aluminum having less resistance than
a conductor of copper of the same length and weight.

The resistivity of steel depends largely upon its compo-
sition and treatment, but it is always much greater than
that of copper or aluminum. It is approximately 21.6
microhm-centimeters for steel wire and varying from 13.8
10°21.6 for steel rails.

The resistivity of alloys is almost always higher than that
of any one of the constituent metals. Some alloys of copper,
nickel, zine, manganese and chromium used as resistors have
very high resistivities often approaching 100 microhm-
centimeters.*

* See Appendix for Resistivity Tables.
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Prob. 2-4. What line drop is there in a 2-mile hard-drawn
copper trolley wire carrying 200 amperes if the wire is 0.625
inch in diameter?

Prob. 3-4. Each lamp in Fig. 42 takes 2 amperes at 112
volts. The lamps are 500 feet from the generator. The line
wire is annealed copper % inch in diameter. What is the voltage
of the generator?

ORTTIIIT,

F1a. 42. A bank of lamps fed by the generator G.

Prob. 4-4. What will be the drop per mile in a line consist-
ing of annealed-copper wire 7 inch in diameter carrying 15
amperes?

Prob. 6-4. What will be the line drop in voltage and the loss
in watts per mile in transmitting 12 kilowatts at 550 volts,

if an annealed-copper wire is used having a diameter of 0.364
inch?

Prob. 6-4. A group of incandescent lamps takes 12 amperes.
The line drop is not to exceed 2.6 volts. What must be the
size of annealed-copper wire to be used if the lamps are 2500
feet from the generator?

34. Conductivity of Materials. In specifying the grade
of material to be used for a conductor, it is customary to
specify the conductivity instead of the resistivity. Just
as conductance is the reciprocal of resistance, so conductivity
is the reciprocal of resistivity.

LD @)
P

in which

p = the resistivity in any system of units,
v = the conductivity in the same system of units.
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Thus the conductivity of soft-drawn copper at 20° C. is

1 2
Y = 5000001794 = 580,000 mho-centimeters.

The conductance of a wire may be computed from
G 742, @)
where @ is the conductance in mhos and the other quantities
have the same meanings as before.

Another term in common use is ““ percentage conductivity.”
By this is meant the percentage which the conductivity of a
certain material is of the conductivity of Standard Annealed
Copper.

Standard Annealed Copper at 20° C. has a resistivity of
1.7241 microhm-centimeters and a density of 8.89 grams per
cubic centimeter. The conductivity of this standard is
called 1009%,. The percentage conductivity of any material
is rated as a certain percentage of this standard. Thus a
rating of 959, conductivity for a material means that the
material has a conductivity which is 959, of that of stand-
ard copper, or 0.95 X 580,000 mho-centimeters conductivity.
The resistivity of such a material is 1.724/0.95 microhm-
centimeters.

Ordinary copper runs between 989, and 1007, conductivity,
but copper may be obtained which is purer than the Stand-
ard and has more than 1009, conductivity.

Aluminum averages 619, conductivity.

Prob. 7-4. What is the resistance per mil-foot of a lot of
copper having 96 %, conductivity?

Prob. 8-4. What percent conduectivity has a solid round
aluminum wire 0.365 inch in diameter, one mile of which has a
resistance of 0.672 ohm at 20° C.?

Prob. 9-4. What diameter must a copper wire of 969,
conductivity have if a mile of it is to have the same resistance as
the aluminum wire in Prob. 8-4?

36. Temperature Coefficient of Resistance. It will be
noticed that when the resistance of a mil-foot of copper wire
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was given as 10.4 ohms and that of aluminum as 17.1 ohms,
the metal was assumed to be at a temperature of 20° C.
The reason for stating the temperature is that experience
shows that the resistance of any pure metal changes with
the temperature. For each degree that the temperature of
a copper wire rises above 20° C. (up to about 200° C.), the
resistance increases 0.393 of 1 9 of what it was at 20° C.
Similarly for each degree that the temperature of a copper
wire falls below 20° C. (down to about — 50° C.), the re-
sistance decreases 0.393 of 19} of what it was at 20° C.
This percentage change in resistance is called the Tem-
perature Coefficient of Resistance. For all pure metals this
coefficient has nearly the same value.* Since the resistance
per mil-foot of copper has been given as 10.4 ohms at 20° C.,
all computations of resistance of wires based on this value
will give the resistances at 20° C. In order to find the
resistance of a wire at any other temperature, it is necessary
to find the increase or decrease in resistance and add it to
or subtract it from the resistance at 20° C.

Ezxzample 3. The resistance of a coil of copper wire at 20° C.
is 48 ohms. What will be the resistance of the coil at 50° C.?

The temperature rise = 50° — 20° = 30°.

For every degree rise, the resistance increases 0.393 %,.

For 30° rise, the resistance of the coil increases 30 X 0.393 =

11.79%.

The increase in resistance = 11.799, of 48 ohms,

5.66 ohms.
48 + 5.66
. 53.66 ohms.
The process used in the above example may be expressed
by an equation
Ry = Ry [1 4 ou (t — 1], (5)
in which R, = the resistance at the temperature ¢;,
R, = the resistance at temperature f,, ;
oy = the temperature coefficient of resistance for
the material at temperature ¢,.

* See Appendix Table I

The resistance at 50°
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We have seen that «; for copper at 20° C. is 0.00393.
For any other temperature, (t,), the value (az) of the tem-
perature coefficient may be found from the equation

—_— al .
" T¥ Ty — T i

Ezample 4. What is the temperature coefficient of resistance
of annealed copper at 30° C.?

ay
¥ LA (TN T
0.00393
~ 1 + 0.00393 (30 — 20)
= 0.00378

s

Prob. 10-4. Prove that the above equation for . is correct
and explain how the coefficient changes with a change of the
temperature used as a base, although the resistance change per
degree is constant.

Prob. 11-4. The resistance of a copper wire is 4.90 ohms
at 20° C. What is it at 80° C.?

Prob. 12-4. The resistance of the field coils of a generator
is 220 ohms at 20° C. When the coils become heated to 75° C.
what will the resistance be?

Prob. 13-4. What will the resistance of a coil of copper
wire become at 7° C., if the resistance is 200 ohms at 20° C.?

Prob. 14-4. What will the resistance of a coil of copper
wire become at 7° C., if the resistance is 200 ochms at 0° C.?

Prob. 16-4. The resistance of a field coil is 130 ohms at
12° C. What will it be at 180° C.? )

Prob. 16-4. What will be the resistance of a copper wire at
10° C,, if the resistance at 45° C. is 2.08 ohms?

36. Temperature Change Measured by Change in Re-
sistance. Electrical machines are generally sold under a
guarantee that the wire in the coils will not rise more than
a given number of degrees when running under a specified
load for a specified time.
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By measuring the resistance of the coils when at room
temperature (20° C. or 68° F.) and then again at the close
of the run and applying the equation for temperature effect,
the average temperature rise can easily be found.

Ezample 5. The primary coils of a transformer have a
resistance of 5.48 ohms at 20° C. After a run of 2 hours, the
resistance has risen to 6.32 ohms. What is the temperature
rise of the coil?

The resistance increase = 6.32 — 5.48 = 0.84 ohm,

The percentage increase = %2—4 = 15.3%,
The percentage increase for 1° rise above 20° C. = 0.3939%,
To produce 15.3% the temperature rise must be

15.3

0393 = 38.9°

The average temperature rise in the coil = 38.9°.

R A
//
LA
/4
A
y
4
4/
/—/;.5° 2 X

Fra. 43. A curve showing the relation between resistance and
temperature of copper.

Instead of making the computations of the above example,
it is generally more convenient to use the equations of the
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graph showing the relation between temperature and re-
sistance. Fig. 43 shows this graph for Standard Annealed
Copper. For other pure metals the slopes would vary some-
what and the intercepts on the horizontal axis would differ
slightly from —234.5°. The equation of this curve is

R_2345+4 o

Example 6. The above example would be worked out as
follows by this equation.

& R.(234.5 + 1)

— 234.
i . 34.5
6.32 X 254.5
- o Ty i 234.5
= 59.1°,
te —t = 59.1° — 20°
= 39.1° C. rise.

Prob. 17-4. The cold (20° C.) resistance of an armature
was 2.18 ohms. The hot resistance was 2.56 ohms. What was
the temperature rise?

Prob. 18-4. It is generally specified that the temperature
of the field coils of a dynamo must not rise more than 65° on
full load. The resistance of a set of field coils before running
was 80 ohms at 20° C. After run of 3 hours at rated load the
resistance became 92.4 ohms. Did the machine meet the usual
specifications?

Prob. 19-4. The resistance of certain coils in a machine
was found to be 7.46 ohms at a temperature of 40°. It was
specified that if the machine ran continuously under full load,
the temperature of these coils should not exceed 105° C. (the
usual limit). The resistance of the coils, measured after a long
full-load run, was found to be 9.59 ohms. Did the machine
meet this specification?

37. Temperature Coefficient of Alloys, etc. It has been
stated that the temperature coefficients of resistance for all
pure metals are nearly the same, that is, somewhere about
0.4%. Alloys, although in general of a much higher re-
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sistance per mil-foot, have much lower coefficients, some
having zero and even negative coefficients at certain tem-
peratures,

“ Manganin,” an alloy consisting of copper, nickel, iron
and manganese, for instance, has a resistance per mil-foot
of from 250 to 450 ohms, according to the proportions of the
different metals used, and a temperature coefficient so low
as to be practically negigible. Manganin wire is hence
used to wind instruments where a fixed resistance is necessary,
as in the resistance coils of a bridge or potentiometer. Before
the war all manganin came from Germany. It is now made
successfully in this country.

Certain substances, notably carbon, porcelain and glass,
have large negative temperature coefficients of resistance
and decrease in resistance rapidly when heated. The cold
resistance of a carbon lamp filament is about twice as great
as the hot resistance. The porcelain ¢ glower ”’ of a Nernst
lamp when cold is a very poor conductor but when heated
to incandescence it becomes a fairly good conductor. The
filaments of tungsten lamps are pure metal and accordingly
have a positive coefficient which is about 0.0051 at low tem-
peratures.

38. Copper-Wire Tables. Tables have been prepared
by the Bureau of Standards and adopted hy the A. I. E. E.
which give the resistance of 1000 feet of standard annealed-
copper wire of different standard sizes and several tempera-
tures. The sizes are designated by gauge numbers, the
‘diameter in mils and the section area in circular mils, ete.
There are several standard wire gauges. Brown & Sharpe
(B. & 8.) is in general use in America, and is commonly
called the “ American Wire Gauge” (A. W. G.). The
Birmingham Wire Gauge (B. W. G.) is in general use in
Great Britain. Table No. 1 gives the complete data for
the American or Brown-&-Sharpe gauge numbers. By
means of these tables it is easy to find the resistance of any
length of wire of a given section area, etec.

”



86 PRINCIPLES OF ELECTRICAL ENGINEERING

Ezample 7. What copper wire (B. & S. gauge) should be
used to transmit electric power 2 miles (out and back) if the
resistance is not to exceed 2.7 ohms and the temperature to be
assumed is 20° C.?

2 miles = 2 X 5280 = 10,560 feet.

2.7 ohms for 2 miles = 1(2) Z 6 ohm per thousand feet

= 0.256 ohm per thousand feet,

From wire table:

No. 5 = 0.3133 ohm per thousand feet,
No. 4 = 0.2485 ohm per thousand feet.

No. 4 must be used in order not to exceed the limit of 0.256 ohm
per thousand feet.

If the following simple facts concerning the above table
are memorized, the gauge number and resistance and size
of any wire can be roughly estimated without reference to
the table.

No. 10 wire is practically & inch (100 mils) in diameter,
or 10,000 circular mils area and has practically 1 ohm re-
sistance per 1000 feet.

As the wires grow smaller, every third gauge number
halves the section area and doubles the resistance. For
instance, No. 13 has about 5000 circular mils area and 2
ohms resistance per 1000 feet; No. 16 has 2500 circular
mils area and 4 ohms per 1000 feet, etc. As the wires in-
crease in size, every third gauge number doubles the circular
mils area and halves the resistance; No. 7 for instance, has
practically 20,000 circular mils and 0.5 ohm per 1000
feet, ete.

Another simple method for remembering the approximate
resistances and weights of the different gauge sizes of copper
wires is given in circular No. 31 of the Bureau of Stand-
ards.
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Gauge Number Ohms per 1000 Feet

Note that the resistance of No. 0 is 0.1 ohm, No. 1 is 0.125
ohm and No. 2 is 0.16 ohm. The next number in each col-
umn is the third gauge number and the resistance is doubled
in each case. Similarly for gauge Numbers 10, 11 and 12,
the resistances are just 10 times those for No. 0, 1 and 2,
respectively, ete. It is merely necessary to remember that
for gauges No. 0, 1 and 2 the resistances are 0.1, 0.125 and
0.16 and that for every third number the resistance doubles.

The weight may be approximated from the fact that
1000 feet of No. 0 weigh approximately 320 pounds, and
that the weight varies inversely with the resistance.

Ezample 8. If the line in Example 7 is to work at a
temperature of 45° C., what number wire will be required?

Solution. The resistance is not given in the tables at 45° C.,
but at 20° C. We must then find out what resistance a wire
will have at 20° C. if it has 2.7 ohms resistance at 45° C. The
temperature rise above 20° is 45 — 20 or 25 degrees. For each
degree rise the resistance has increased 0.393%. For 25 de-
grees rise the resistance has increased 25 X 0.393 = 9.825%,.
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Thus at 45° the resistance is 109.839% of what it was at 20°.
The resistance at 20° therefore equals

2.7
109.83 < 100

= 2.48 ohms for the 2 miles,

The resistance per 1000 feet = 1928
10.56

= 0.235 ohm.

The problem thus becomes: What size of wire has a resistance
of 0.235 ohm per 1000 feet?
From table (No. 5),

No. 4 has a resistance of 0.2485 ohm per 1000 feet,

No. 3 has a resistance of 0.1970 ohm per 1000 feet.

No. 3, therefore, must be used in order not to exceed 0.235 ohm
per 1000 feet.

Prob. 20-4. What size wire (B. & S.) will give a resistance
of practically 1 ohm for the circuit of the example above at
35° C.7

Prob. 21-4. Thirty-five 50-watt, 110-volt lamps are to be
used in a building so situated that it requires 200 feet of feeder
wires (each way) from the generator to the distributing point.
What size wire should be run in order that there shall not be
more than a 3-volt drop in the feeders?

Prob. 22-4. How far can 20 amperes be transmitted through
a No. 6 wire (B. &. S) with 4 volts line drop?

Prob. 23-4. A coil for an electromagnet has 800 turns of
No. 23 (B. & S.) copper wire. The average length of a turn is
14 inches. What is the resistance of the coil?

Prob. 24-4. It is desired to construct a coil of not more than
290 ohms resistance. The coil must have 200 turns of about
16 inches average length. What size wire (B. & S.) should be
used?

39. Stranded Wire. On account of their greater flexi-
bility, stranded cables are often used instead of solid wires.
A stranded cable is much easier to pull into a conduit and
less likely to break when bent at sharp angles. When
a size of wire larger than No. 0000 is required, it is prac-
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tically always made in strands rather than solid but the
smaller sizes are also very common in the stranded form.

For instance, instead of using a solid No. 4 wire, having
a diameter of 204 mils and an area of 41,700 circular mils,
it is much easier to use a cable made up of 7 wires each
0.077 inch in diameter. Each strand (wire) would then
have an area of 77 X 77, or 5930 circular mils. Since the
cable is made up of 7 of these strands, the area of the cable
would be 7 X 5930 or 41,500 circular mils, which is practi-
cally the area of a No. 4 solid wire. The diameter of a
stranded wire will always be slightly greater than that of a
solid wire of an equivalent cross-section.

On the other hand, due to the spiral arrangement of the
strands, the effective length as well as the mass is increased
beyond what it would be for a rod of the same cross-section
(number of strands times cross-section of each strand). The
resistance is also increased. It is therefore customary to
compute the resistance of a stranded cable by adding 29,
to the resistance of a rod of the same cross-section. This
29, correction holds for only one value of the “lay ”’ of the
strands. For the method of computing the correction, see
U. S. Bureau of Standards Circular, No. 31.

Prob. 26-4. To what size wire (B. & S.) is a stranded cable
equivalent which is made up of 19 strands each 0.059 inch in
diameter?

Prob. 26—4. It is desired to make a cable of 19 strands
which shall be equivalent to a No. 0 (B. & S.) solid conductor.
What size strands should be used?

Prob. 27-4. How many strands 0.061 inch in diameter will
it take to make a cable equivalent to a No. 6 wire?

Prob. 28-4. It is desired to make a very flexible cable
equivalent to No. 4 (B. & S.) wire. If strands of No. 22, (B. &
S.) wire are used, how many will be required?

40. Aluminum. We have noted that although the re-
sistance of aluminum wire is 17.1 ohms per mil-foot (prac-
tically 1.6 times that of copper) its weight is only 0.3 that
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of copper. For this reason some transmission lines are
strung with aluminum wire. While this necessitates a
larger wire for the same resistance per 1000 feet, the weight
of such a wire will be less than that of a copper conductor.
However, such a line possesses a disadvantage over a cop-
per line in that aluminum melts at a lower temperature
than copper. A short circuit which would burn up but a
few inches of a copper wire is likely to burn out long sections
of an aluminum line. Likewise having a greater cross-
section it collects a greater weight of ice per foot during a
sleet storm. This is likely to weight the wire beyond its
tensile strength. Aluminum is also more difficult to splice
satisfactorily than copper, which adds to the cost of con-
struction of a line with aluminum conductors.

Ezxample 9. What size would an aluminum wire be which
has the same resistance as a No. 4 copper wire?

Solution. No. 4 copper wire has a resistance per 1000 feet
of 0.2485 ohm. The resistance of an aluminum wire is found
from the equation

17.1

R = 5
Thus, 0.2485 = 171 df 1000,
17.1 X 1000

(5= 0.2485

= 68,800 circular mils.

This would require an aluminum wire of gauge No. 1, of 83,690
circular mils. No. 2 has a cross-section of only 66,370 circular
mils. An aluminum wire of this size would be called the equiv-
alent of No. 4 copper wire.

Ezxample 10. How would the weight per 1000 feet of the
equivalent aluminum wire in the above example compare with
the weight of the copper wire?

The weight of 1000 ft. of No. 4 copper wire = 126 1b.

The weight of 1000 ft. of 68,800 cir. mil copper wire = 208.2 1b.

The weight of 1000 ft. of 68,800 cir. mil aluminum wire = 0.30

X 208.2 = 62.51b.
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Thus the weight of the aluminum equivalent is only

62.5
126

or 49.6% of that of the copper wire.
Prob. 29-4. What size aluminum wire will have the same
resistance per mile as a No. 6 (B. & S.) copper wire?

Prob. 30-4. An aluminum cable is to be made up of 19
strands which will be equivalent to a No. 0 solid copper wire.
What size must the strands be?

Prob. 31-4. If 83 No. 19 aluminum wires are used in making
up a cable, to what size solid copper is such a cable equivalent?

41. Copper-Clad Steel Wire. On account of its lower-
cost and great tensile strength, copper-clad steel wire has
lately come into use for trolley wires and transmission lines.
This type of wire consists of a steel core to which has been
welded a covering of copper. The resistance per mil-foot
of such wire depends upon the relative sizes of the copper
and steel cross-section areas. One company has put on the
market two grades, one of so-called 30 9, conductivity and
the other of 40 9, conductivity. This rating merely means
that copper wires would have 309, and 409, respectively
of the resistance of the copper-clad steel wire of the same
size.

In the 309-conductivity wire the area of the steel core is
79.59%, of the entire cross-section while the copper has 20.5%,
area. In the 409%-conductivity wire, the steel makes up
68.29, and copper 31.8%, of the total area.

Prob. 32-4. In a No. 00 copper-clad trolley wire of 30 %
conductivity, how many circular mils would there be of steel
and copper respectively?

Prob. 33-4. What would be the resistance of 1000 feet of
the steel core of the trolley wire in Prob. 32-4? The mil-
foot resistance of steel = 86.7 ohms.

Prob. 34-4. What would be the resistance of 1000 feet of
the copper cover of the trolley wire of Prob. 32—4?
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Prob. 36-4. From the resistance of the steel core and copper
covering of 1000 feet of the trolley wire in Prob. 32-4, com-
pute the resistance of the trolley wire. Would 1000 feet of
a copper wire of the same size have 309, as much resistance?

42. Safe Carrying Capacity for Copper Wires. In in-
stalling wire in buildings, it is necessary to take into account
another factor besides the voltage drop when determining
the size to be used. An electric current heats any conductor
through which it passes. If heat is generated in the wire
faster than it can be dissipated from the surface of the wire,
the temperature will continue to rise as long as this condition
exists. It is necessary therefore to select a wire which will
dissipate the heat generated by the current at such a rate
that the temperature will never rise high enough to cause the
insulation to deteriorate. The National Board of Fire
Underwriters has therefore issued a table of the safe current
capacity of copper wire of the sizes used in house wiring.
Wherever local regulations do not specify otherwise, the
currents carried by any interior wiring should not exceed
the values given in this table. See Appendix.

Ezample 11. It is desired to install a conductor to carry
40 amperes. What size copper wire should be used?

From the table, No. 6 rubber-insulated wire will carry 46
amperes and is the size to be used.

If weather-proof wire can be used, No. 8 will do.

43. Determination of Right Sizes for Interior Wiring.
In deciding upon the sizes which should be used in the dif-
ferent parts of any interior distributing system, it is neces-
sary to take into consideration two factors, —

First: The size in each section must be such that the
current in no wire exceeds the amount given in the Under-
writers’ Table of safe carrying capacities for wires. It is
therefore necessary to determine accurately the current
which each wire must carry and to make a tentative selec-
tion of size from the above table.
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Second: The voltage drop throughout the system must
then be computed in order to make certain that it does not
exceed certain values, for if lamps are to be operated any-
where on the system a variation of more than 5% in the
voltage at the lamps causes an unpleasant variation in the
illumination. If the entire load consists of motors, heating
appliances, etc., a drop of 109, is usually allowable. Any
greater drop than this, however, would have a bad effect
upon the speed of the motors.

Ezample 12. The panel board (P.B.) in Fig. 44 is situated
150 feet from the main switch. From the board run three
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F1ac. 44. A distribution diagram for house wiring.

branch lines. Each branch is supplied with 12 outlets for 50-
watt, 110-volt lamps. What size must the mains be?

Solution. Each branch line carries 12 X 50 or 600 watts.

This means gpl—gor 5.45 amperes in each branch wire. Branch-
wire sizes are determined according to Table III. Although
from the table it is observed that No. 16 wire would carry this
current safely, it will be noted that no size smaller than No. 14
can be installed in order that the wires may have sufficient
mechanical strength.
Mains. Size according to Table IIL.

Each main must carry the current in all three branches or
3 X 5.45 = 16.35 amperes.

According to Table III, No. 12 wire must be used as the next
size in common use, No. 14, can carry only 15 amperes.
Checks on above sizes for voltage drop.
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The distance from the panel to the load center*

of branches = 50 ft.
The length of wire in each branch =2 X 50 = 100 ft.
The resistance of 1000 ft. No. 14 (Table II) = 2.525

The resistance of 100 ft. of No. 14 = {%; of 2.525 = 0.253 ohm
The voltage drop in each branch = 5.45 X

0.253 = 1.38 volts
The length of the mains = 2 X 150 ft. = 300 ft.
The resistance of 1000 ft. of No. 12 (Table II) = 1.588 ohms

The resistance of 300 ft. of No. 12 = 0.3 of

1.588 = 0.476 ohm
The voltage drop in the mains = 16.35 X 0.476 = 7.78 volts
The total drop from the main switch to the

lamps = 7.78 + 1.38 = 9.16 volts

9.16
110

This is nearly twice as great a drop as is allowed in good
practice because the brightness of the lamps would vary through
wide ranges depending on how many were in use at one time.
When only a few lamps were in use, the voltage of these lamps
would be about the same as that at the main switch, 110 + 9.16,
or about 119 volts. The voltage at this main switch would
have to be 119 volts in order to maintain 110 volts at the lamps
on full load. This would cause the lamps to glow far above their
rated candle power and would either burn them out at once or
shorten their life to a small percent of the normal rating. It
would, therefore, be necessary to install larger than No. 12
mains. Let us try No. 10.

The resistance of 300 ft. of No. 10 = 0.3 of 0.9989 = 0.300
ohm.

The drop in the main = 0.300 X 16.35 = 4.91 volts.

The total drop = 4.91 + 1.38 = 6.29 volts.

The percentage drop = ?—123- = 5.72%,
This is still somewhat too large a drop. It is, therefore, neces-
sary to use No. 8 mains.

The percentage line drop = =83%

* Note: The load center is that point on the branch line at which,
for convenience in calculation, all lamps may be considered to be
concentrated.
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Prob. 36-4. What size mains would be used in the above
example if the panel board were situated 50 feet from the main
switch and the same loads were on the branch lines?

Prob. 37-4. An installation requires seventy 50-watt lamps.
The panel board is situated 80 feet from the main switeh.
What size main should be run? Note that the Underwriter
Rules do not ordinarily allow more than twelve 50-watt lamps
on a single branch line.

Prob. 38-4. If the panel board in the above problem could
be placed 40 feet from the main switch, what size mains might
be used?

Prob. 39-4. If the load on the installation of Prob. 37-4
consisted of motors instead of lamps but using the same total
load, what size wire could be used for the mains?

44, Insulating Materials. Even the materials which we
call insulators conduct electricity to a certain small extent.
The resistance of such materials is very high compared with
the resistance of metals. The resistivity of soft copper is
0.00000172 ohm-centimeter, which may be written more
conveniently

1.72 X 10-% ohm-centimeter.
Expressed in the same way the resistivity of glass under
ordinary conditions is about
5 X 10" ohm-centimeters.

This means that a cube of glass one centimeter on a side
will offer a resistance of 50,000,000,000,000,000 ohms. Such
an enormous resistance can be measured only with great
difficulty. In fact, the value varies so much with different
specimens and conditions of measurement that it is not known
accurately.

Average values of the resistivities in ohm-centimeters
for common insulating materials are about as follows:

Rubber 2 X 108,
Impregnated paper 5 X 104,
Varnished cambric 2 X 104,
Glass 5 X 10%,
Fused Quartz 1 X 10,
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Materials such as the above do not obey Ohm’s law.
When the voltage applied to a specimen is doubled, the
current will be more than doubled. The resistivity of the
material depends upon the voltage used in measuring it.
More accurately, it depends upon the voltage gradient, or
the voltage per inch of thickness, which is applied. The
higher the voltage gradient, the lower will be the resistivity.
The values given in the table above are for low potential
gradients of about 1000 volts per inch.

Insulating materials have negative temperature coefli-
cients of resistance which are usually large. As the tem-
perature is increased, the resistance of a material rapidly
diminishes. In fact, all materials which can stand the
temperature are fairly good conductors at a red heat. The
resistivity of glass at ordinary temperatures will vary as
much as 109, for one degree centigrade change of tem-
perature.

With insulating materials, the leakage over the surface
is often greater than the conduction through the body of
the material. With a porcelain transmission-line insulator,
by far the greater part of the leakage current from the line
flows over the surface. This is particularly true if the
surface is dusty or wet. It is to lengthen these leakage
paths and to keep part of them dry that an insulator is
made with “ petticoats.” The surface resistivity is given
as the number of ohms resistance between opposite edges
of a piece of the surface one centimeter square. It is an
extremely variable quantity, depending upon the humidity,
the temperature and several other factors.

Ezxample 13. A glass busbar insulator is a cylinder 10 centi-
meters high and of 4 centimeters diameter. A voltage of 30,000
is applied between the busbar on top and the support on the
bottom. The temperature is 40° C. Take the volume re-
sistivity at this temperature and gradient as 5 X 10! ohm-
centimeters and the surface resistivity as 2 X 10 ohm-cen-

timeters. How much current in microamperes leaves the bus-
bar through the insulator?
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The volume resistance is
10
= ¥ bl
Rv =p— A 5 X 10 T
= 4 % 10" ohms.

The current through the volume of the glass is
E 30000
Rv 4 xj10t
= 0.07 microampere.

Iv = = 7X 1078 ampere

The surface resistance is
l
Rs = ps—s
PE

where [ is the length and w the width of the surface path.

Rs =2 X 10“’%)_ = 1.6 X 10 ohms.

The current over the surface of the glass is

Sl 30000
" Rs 1.6 x 10%°
= 2 microamperes.

Is = 2 X 1075 ampere

The total current is hence practically 2 microamperes, that
conducted through the volume of the glass being negligible.

It is, of course, useless to compute such a problem with
great accuracy, for the constants of the material are never
accurately known. g

It will be noticed that the amount of current which leaks
from the wire in the above example is small compared with
the current probably carried by the wire itself. This is
usually the case in ordinary wire circuits. Except in special
cases the leakage can be entirely neglected.

45. Insulation Resistance of Cables. The insulation re-
sistance of electrical machines, transformers or cables is
sometimes measured and is used as a rough indication of
the condition of the insulation. This is the resistance
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measured between the copper wire and the frame or sheath.
A moderate size of low-voltage motor, as usually insulated,
when warm from carrying full load, should show an in-
sulation resistance of about a megohm. When cold, the
insulation resistance will have a value many times this
amount.

The insulation resistance of lead-sheathed cables is often
measured to determine whether the insulation is deterio-
rating. The insulating material of a cable, when considered
as a conductor for leakage current, is not of uniform cross-
section. The resistance must hence
be found by an integration.

Fig. 45 shows a ecross-section of a
single-conductor cable. The flow of
leakage current is radial, out from
the central copper conductor to the
outside lead sheath. The cross-
section of the path varies. We can
consider it to be made up of a
number of elementary paths in
series.

Consider a centimeter length of
the cable (perpendicular to the paper). Map out an element
of the material of thickness dr and radius z. If p is the
resistivity of the material, the resistance of this element
will be

Fic. 45. A cross-section
of a lead-sheathed

oo

dE = 27z

To obtain the total resistance we add the resistances of all
such elements between z = r; and z = rs: that is,
R= il =L log " ohms per centimeter of length. (8)
rn 2rmx 2w Ce€n
From this formula we can compute the insulation resistance
of a cable.






SUMMARY OF CHAPTER IV

The RESISTANCE of a conductor can be computed from the
formula

R=p

B~

where

R = the resistance in ohms,

! = thelength of conductor,

A = the cross-section area,

p = the resistivity in units depending on the
units of length and cross-section.

Resistivity is generally measured in OHM-CENTIMETERS,
that is, the resistance between parallel faces of a centimeter
cube, or in OHMS PER MIL-FOOT, that is, the resistance of
a conductor one foot long and one circular mil in cross-section
area.

THE MATERIALS MOST COMMONLY USED for con-
ductors are copper for its low resistivity, aluminum for its light
weight and steel for its strength.

CONDUCTIVITY is the reciprocal of resistivity. A certain
grade of copper is taken as the standard and is said to have
1009, conductivity and metals are rated as a certain percent
conductivity of that standard.

The TEMPERATURE COEFFICIENT OF RESISTANCE is
the change in resistance per degree per ohm at initial tempera-
ture. THIS COEFFICIENT IS ABOUT 0.004 for all pure
metals. For alloys it is less and may be zero or even negative.
For insulators it is always negative and of considerably higher
order of magnitude than for conductors.

FOR COPPER, the effect of temperature change may be
computed from the equation

R, 234.56 + tz.

R: 2345 + t, P

i,
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where

= the initial temperature,

= the initial resistance,
t; = the final temperature,
R, = the final resistance.

In the United States the standard wire gauge is the “ Brown
& Sharpe ” or ‘‘ American Wire Gauge.” Copper wire is
commonly made in the sizes indicated in the Copper Wire
Table and has the resistance and weight per 1000 feet indicated.

STRANDED WIRE has greater flexibility but for the same
cross-section it has 29, more resistance per mile due to the
spiral arrangement of the strands.

ALUMINUM WIRE has about 1.6 the resistivity of copper,
but is only & as heavy. It is hard to splice and is likely to
suffer more from ice storms and short circuits.

COPPER-CLAD WIRE has a steel core which lowers the
conductivity but increases the strength.

THE SAFE CURRENT-CARRYING CAPACITY OF WIRES
is indicated in a table issued by the National Board of Fire
Underwriters. A large current would sooner or later injure
the insulation.

THE CORRECT SIZE OF WIRE FOR INTERIOR WORK
is such that, first, no conductor will carry more current than
that indicated in the Underwriters table, and, second, the
voltage regulation of lamps shall not exceed 5% and that of
motors 109,.

THE SURFACE LEAKAGE RESISTANCE OF INSUL-
ATORS is generally less than the volume resistance.

THE INSULATION RESISTANCE OF SHEATHED
CABLES can be computed from the equation

R = ——loge

where

R = the insulation resistance per centlmeter length
of cable,

o = the resistivity of insulation matenal,

r, = the outside radius of insulation,

r, = the inside radius of insulation.

The value of p in this equation depends upon many factors
and is very uncertain.



PROBLEMS ON CHAPTER IV

Prob. 40-4. How far will a pair of copper line wires trans-
mit 40 amperes with a line drop of 8 volts, if the wire is 0.262
inch in diameter?

Prob. 41-4. What size iron wire will have the same re-
sistance per mile as a No. 4, B. & S. copper wire?

Prob. 42-4. To what size copper wire is a stranded alu-
minum cable equivalent which is made up of 19 strands each
0.059 inch in diameter?

Prob. 43-4. How many strands of aluminum wire 0.061
inch in diameter will it take to make a cable equivalent to a
No. 6 copper wire?

Prob. 44-4. It is desired to make a flexible aluminum cable
equivalent to No. 4 copper wire. If strands of No. 19, B. & S.
wire are used how many will be required? Cables are usually
made of 7, 19, 37 or 61 strands. Use one of these numbers.

Prob. 46-4. What are the cross-sectional dimensions of a
round conductor with an iron core surrounded by copper having
a mean conductivity of 409 at 0° C., and offering a resistance
of 10 ohms per mile at 25° C? The copper used has a con-
ductivity of 1009%, the iron 16.8%, both at 0° C. The annealed
copper standard of 10.4 ohms per mil-foot at 20° C. is to be taken.

Prob. 46-4. It is desired to determine the length of wire
and the mass of copper on the field winding of a small dynamo.
The percent conductivity of the copper is not known, but the
specific gravity is taken to be 8.89 and the cross-section of the
wire is found by measurement to be 1022 circular mils. Ac-
curate measurements of the resistance of the winding at two
temperatures are made with the following results:

Resistance at 20° C. = 126.5 ohms,
Resistance at 70° C. = 150.2 ohms.

From the above data, calculate the length of wire in feet,
the mass of copper in pounds and the percent conductivity
of the copper. With your answer, state the reference book
and page from which you take any necessary additional data.

102
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Prob. 47-4. A transmission line of 3 wires, each 12 miles
long, is to be designed for a current of 110 amperes in each
wire and a total heat loss of 150,000 watts at 20° C. The
conductors are to be of copper of 979 conductivity. What
is the least weight of copper which meets these conditions?
What cross-section in circular mils would each such conductor
have? What is the smallest A.W.G. size of wire which comes
within the conditions of the problem? If this size of wire is
used and has 979, conductivity, what is the actual heat loss?

Prob. 48-4. The field coils of a dynamo are composed of
wire having a mean temperature coefficient of 0.00393 per
degree centigrade, based on 20° C. The resistance of the coils
is 116 ohms after they have long stood inert at a temperature
of 26° C. Later when heated by the passage of the current,
their resistance is found to be 136.5 ohms. What is their mean
temperature in the latter state?

Prob. 49-4. Power is to be transmitted over a two-wire
transmission line to a factory three miles from the generating
station. The factory requires a current of 500 amperes at a
potential of 600 volts, and it is specified that the losses in the
transmission line shall not be more than 109, of the received
energy. The resistivity of copper at 20° C. is 10.6 ohms per
mil-foot and that of aluminum 17.1 ohms per mil-foot. Their
temperature coefficients at 20° C. are 0.00384 and 0.0039 re-
spectively. If the line is to operate in a climate whose aver-
age temperature is 50° Fahrenheit, find the smallest volumes of
copper and aluminum it would be possible to use for the con-
struction of the entire line. ‘

Prob. 50-4. If copper costs 15 cents per pound and aluminum
32 cents per pound, which metal will be the cheaper to use in
Prob. 49-4?

Prob. 51-4. A motor is connected to the 220-volt busbars
of a power station by means of a one-mile line of aluminum
wire (conductivity 609%). The cross-section of each wire is
33,100 circular mils. The motor field is wound with copper
wire and its resistance at 20° C. is 150 ohms. The motor
armature is also wound with copper and its total resistance at
20° C.is 0.5 ohm. Compute the resistances of all parts of the
circuit when the temperature of the line wires is 30° C. and
of the motor 70° C.

Prob. 62-4. Compute the weight of copper wire necessary
to replace the aluminum line wires in Prob. 51—4 and to give
the same resistance at 30° C.
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Prob. 53-4. Two industrial plants, approximately 2000 feet
apart, decide to combine their power plants into one situated
at one of the plants. The generators are rated at 235 volts and
the motors are 230 volts and 220 volts so divided in number
that the 230-volt motors may be used at the plant near the
power house and the 220-volt motors at the more distant plant.
The total demand of the 220-volt motors is 400 amperes and
of the 230-volt motors it is 700 amperes. Under these condi-
tions the voltage drop through the feeders of the 700-ampere
demand is 5 volts, of the line between the plant, 10 volts, and
of the feeders to the other demands, 5 volts. The feeders in
each plant are 500 feet long. Find the weight of copper nec-
essary for this arrangement. The Electric Journal, February,
1915, page 7.

Prob. 54-4. In Prob. 53-4 find the losses in the line and
feeders. If the resistance of the main switchboard connections
and the armatures of the machines in parallel is 0.008, what is
the generated e.m.f. of the machines and what is the loss in the
switchboard and' armature windings? Assume the generating
units to be identical machines.

Prob. 55-4. If in Prob. 54-4 one-half the motors are taken
out of service at the nearer plant, what would be the voltage
at the switchboard, at the other motors of the other plant and
at the motors of the nearer plant?

Assume the geperated e.m.f. of the machines to be the same
as in Prob. 53-4.

Prob. 56-4. If in Prob. 54-4 the entire motor load is taken
off at the more distant plant, what should be the generated
voltage of the generators in order to maintain 230 volts at the
end of the feeder in the nearer plant? What would be the open-
circuit voltage at the end of the feeder in the more distant
plant?

Prob. 67-4. An aluminum bar has a uniform thickness of
0.30 inch. Its breadth wvaries uniformly from 9 inches at
one end to 12 inches at the other. Its length is 18 feet. Its
volume conductivity is 61%. What is its resistance at 20° C.?
What is the percent error when its resistance is computed from
the mean cross-section?

Prob. 58-4. A 110-volt system has an insulation resistance
for each wire of 200 megohms per mile. What will the leak-
age be on a 5-mile line?
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Prob. 69-4. Insulation resistance should be high enough
so that not more than one-millionth of the rated current leaks
through the insulation. On this basis, what should be the
insulation resistance per mile of a 2-mile line, tramsmitting
120 kilowatts at 550 volts?

Prob. 60-4. The resistance of a car heater when cold (20° C.)
is 120 ohms. If the temperature rises to 150° C. when hot,
how much less current does it take when hot than when cold?
The material of the heater is iron wire. The voltage is 550.

Prob. 61-4. A rough rule for the safe carrying capacity of
copper is ““ 1000 amperes per square inch cross-section.” Ac-
cording to this rule what should be the diameter of a round
wire capable of carrying 250 amperes?

Prob. 62-4. According to the rule in Prob. 61-4, what should
be safe carrying capacity of No. 0000 (B. & S.)? Compare the
value with that in Table III,

Prob. 63-4. Derive the equation for the resistance of a
round rod having a uniform taper.

Prob. 64-4. It is desired to transmit 100 kilowatts of elec-
trical power to a small town and to deliver it at 220 volts.
The distance is 4 miles and it is thought that the line will
pay if an amount of power equal to 109 of that delivered is al-
lowed for lineloss. (@) Find the size wire necessary and the volt-
age at which the power must be generated. (b)) What size wire
would be necessary if a three-wire (220-440 volts) system were
used? (c) Compute the weight of copper saved. (Use the near-
est sizes of wire, B. & S. gauge.) (d) Compare the copper for
these two cases with that necessary where the power is trans-
mitted at 4400 volts (alternating current), assuming that alter-
nating-current power equals volts times amperes and that the
voltage drop in the alternating-current line is all resistance drop.

Prob 66-4. A transformer is an electrical appliance con-
sisting of a laminated iron core around which are wound the
primary and the secondary windings. It isenclosed in a pressed
steel tank which is filled with oil. The heat generated in the
iron core and copper flows into the oil by conduction and causes
the oil to circulate. The circulation of the oil causes a fairly
uniform distribution of temperature throughout the transformer.
Assume that the temperature is the same at all points within
the transformer and that the watts radiated per unit area are
proportional to the temperature difference. The results of a
heat-run on a certain transformer show a temperature rise of
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22° C. in 2 hours. Heat was generated within the transformer
at the rate of 225 joules per second. The radiating surface of
the transformer is 10 square feet. The heat radiated per
square foot per degree of temperature difference equals 0.5
joule per second.

(a) With a room temperature of 25° C. what will be the tem-
perature of the transformer at the end of one hour? What
will be the ultimate temperature?

() If the heat is generated at twice the above rate, what
will be the temperatures asked for in (a)?

(¢) If this transformer is taken out of eircuit when its tem-
perature is 12° C. above room temperature, how long will it
take for the temperature to drop 6 degrees? 10 degrees?

(d) Construct a temperature-rise-versus-time curve for a
heat input of 200 watts.

(e) Construct a cooling curve (temperature-versus-time)
starting with the transformer 10° C. above room temperature.

(f) What is the average specific heat of the transformer
material?

Prob. 66-4. A Wheatstone bridge is constructed with a slide
wire, as shown in Fig. 19. Determine the relations existing
among the four resistances for maximum sensitivity to un-
balance. :

Prob. 67-4. One of the cables across the English Channel has a
conducting core of #16 copper wire 64 mils in diameter (British Stan-
dard Gauge). It is fifty miles long, and may be assumed to follow
a path which is approximately parabolic, reaching a maximum
depth of one mile. The temperature of the water varies
linearly with the depth, and may be taken as fifty degrees F.
at the surface, and twenty-five degrees F. at the max. depth.
Compute the total resistance of the cable.



CHAPTER V
ELECTROLYTIC CONDUCTION

In the preceding chapters we have considered conduction
through metals. In all such cases the wire is left entirely
unchanged chemically no matter how long the current is
allowed to flow. We will now study a type of conduction
in which the flow of current is accompanied by a chemical
change in the conductor.

46. Electrolytes and Ionization. Pure water is a fair
insulator. The addition of a minute amount of a soluble
acid, base or salt will produce a conducting solution. Cer-
tain fused salts and non-aqueous solutions are also conduct-
ing. When a current is passed through a liquid of this
sort, a chemical change appears in the neighborhood of
the electrodes. Such liquids are called electrolytes.

Pure water is an insulator because there are no carriers of
electricity present. When a salt is dissolved in the water,
there still are no free electrons, but a new kind of carrier of
electricity is present. This is the ion. When a quantity of
a salt is dissolved, part of the molecules separate into com-
ponent parts. These are not, however, the atoms of which
the molecule is constructed. The parts are similar to
atoms or groups of atoms except that some have extra
attached electrons which do not normally belong to them
and others have too few electrons to be normal. These
parts are called ions and they are electrically charged.
An ion having less than its normal number of electrons is
positively charged and an ion having more than its normal
number is negatively charged. When an electromotive
foree is applied to an electrolyte, the ions move through
the liquid, those charged positively with a deficiency of
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electrons moving in the direction of the applied electromotive
force, and the negative ions charged with extra electrons,
in the opposite direction. An ion is negatively charged
when it has extra electrons attached because the electrons
themselves are negative particles of electricity. A normal
atom is made up of a so-called nucleus which is positively
charged, and just enough negative electrons to exactly
balance this positive charge. Therefore if there are more
than this number of (negative) electrons attached, the atom
is negatively charged and becomes a negative ion. Similarly
an atom lacking in (negative) electrons would have a sur-
plus of positive charge and would become a positive ion.
Note that there are two currents flowing through the fluid,
one made up of ions carrying an excess of small particles of
electricity (the electrons), the other made up of ions which
are deficient in these particles of electricity. The total
electric current flowing is the sum of these two. It will be
remembered that it is the flow of the ‘ excess ”’ electrons
only which constitutes the current of electricity in a metallic
conductor, the positive charges being bound. Thus, curi-
ously enough and rather unfortunately, this low of electrons
is in the direction opposite to that which was chosen as the
positive direction before the electron theory was known.
Therefore when we speak of the flow of electricity as being
in a certain direction, we may mean that there is a current
of electrons flowing in the opposite direction. Of course
our conventional meanings of ‘positive’”’ and ‘ negative ”
make a current of negative particles in one direction equiv-
alent to a current of positive particles in the other direction:
thus no real confusion should result.

This splitting a substance into positive and negative ions
involves the separation of the parts of a chemical substance,
and chemical effects are in evidence at the ends of the elec-
trolytic conducting path. These chemical effects may in-
volve the release of gas bubbles at the electrodes. They
may produce electroplating or cause the metal of the elec-
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trodes to go into solution or bring about changes in the
chemical nature of the electrolyte near the electrodes.

Electrolytic conduction is made use of in primary bat-
teries and in storage batteries, for the plating and refining
of metals and for the production of various chemicals.
On the other hand, under certain conditions it will produce
harmful effects such as the destruction of pipes and con-
crete reinforcements by stray currents from trolley systems
and other sources.

47. Electrolytes and Dissociation. A liquid conductor
in which conduction takes place by reason of the presence
of charged ions is called an electrolyte. The plate or electrode
by which the current enters the solution is called the anode
and that by which the current leaves is called the cathode.
The anode is hence at a positive potential with respect to
the cathode. Negatively charged ions move toward the
anode and positively charged ions toward the cathode.

When an ion reaches an electrode it recovers its normal
supply of electrons and becomes an atom. As a free, un-
combined atom in the nascent state, it usually immediately
combines chemically with neighboring atoms or molecules.
This combination may involve atoms of its own kind, those
of the solution or those of the electrodes. Positive ions
arriving at the cathode take electrons from it. Negative ions
arriving at the anode give up electrons to it. The electro-
Iyte as a whole remains uncharged and hence just as many
electrons are taken from the cathode as are passed to the
anode. The electrons which pass through the external
metallic circuit are hence passed through the solution by
being carried along by ions.

Univalent atoms in solution become singly charged ions.
Thus if common salt is dissociated into its ions, we have

NaCle Na+ + Cl* €))

* The arrow indicates a chemical reaction. When two arrows are

used, they indicate a reversible reaction, or one that can proceed in
either direction until equilibrium is reached.
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which means that a molecule of sodium chloride splits in-
to a positively charged ion of sodium with one electron
less than normal and a negatively charged ion of chlorine
with one excess electron. Polyvalent atoms give rise to
ions with a number of charges equal to the valency. Thus
if calcium chloride is dissolved and dissociated, we have

CaCl2 Ca*+ + Cl- + Cl-. #))

One molecule of the salt thus produces a calcium ion with
two extra positive charges and two singly charged negative
chlorine ions.

Ions are not necessarily made up from single atoms.
Chemical groups or radicals may produce single so-called
complex ions. Thus when ammonium chloride is dis-
sociated, we have

NH,Cl = (NHy)*+ 4 Cl—; 3)

that is, the ammonium radical produces a single positive
ion. On the final dissociation of sulphuric acid we obtain

H80, 2 Ht 4+ H+ 4 (804)~—; 4)

that is, two positive hydrogen ions and a doubly charged
negative ion formed from the (SO,) group.

There may be several kinds of ions in a solution simul-
taneously. Thus if sodium chloride and potassium bromide
are dissolved together, we shall have positive sodium and
potassium ions and negative chlorine and bromine ions.

Not all of the dissolved substance is dissociated. A
greater proportion is split into ions when the solution is
dilute. The proportion also varies greatly with the sub-
stance used. Strong acids or bases are most highly dis-
sociated. An acid may be defined as a substance which
produces hydrogen ions in solution; a base as a substance
which produces hydroxyl ions, that is, ions of the form (OH)~.
A strong acid such as nitric acid is largely dissociated,
while a weak acid such as boric acid produces relatively
few ions,
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The conductivity of an electrolyte is equal to the current
produced by unit potential gradient (volts per centimeter)
in the solution. The conductivity is the sum of the con-
ductivities produced by each sort of ion separately. These
separate conductivities are proportional to the number of
ions present and to their mobility, that is, the speed with
which they move through the electrolyte under a given
impressed voltage.

A strong solution of hydrochloric acid is highly conduct-
ing, while a strong solution of boric acid is of comparatively
high resistance. The wide difference disappears for very
dilute solutions, when both acids are largely dissociated.

A normal solution of hydrochloric acid has a resistivity
of about 3 ohm-centimeters at 20° C. By a normal solu-
tion is meant one in which the number of grams of acid
per liter of solution is equal to the molecular weight of the
acid (in this case 36.5) divided by the number of replaced
or replaceable hydrogen atoms.

Even pure water is not a complete insulator. Pure
water dissociates very slightly into hydrogen and hydroxyl
ions.

H,0 = H+ 4 (OH)~. (5)

This dissociation is so slight that the resistance of a cubic
centimeter of chemically pure water is approximately 0.5
X 10° ohms at 18° C.*

48. Electric Potential Series. If the electrodes are of
different metals, the voltage between them will not be
equal simply to the resistance drop in the electrolyte. In
fact, if two plates of different metals are dipped in an elec-
trolyte which is capable of combining chemically with one
of them, a voltage will appear between the plates, even
when there is no current flowing. This chemically pro-
duced voltage is the voltage produced and used in primary
and in storage batteries.

* “Handbook of Chemistry and Physies,”” Chemical Rubber Co.
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The potential produced on open circuit in this manner
depends simply upon the metals employed and not upon
the electrolyte so long as the latter is chemically active
with respect to one electrode.

The elements may be arranged in a table called the po-
tential series, which is shown below for some of the more
common elements.

TABLE

PoTENTIAL SERIES OF ELEMENTS COMPARED WITH HYDROGEN

Manganese. .. ...c.ovevinereeennneaeens + 1.07 volts
YATD5 ok 0040 590 500 0d 060005069 00000000 Jod +0.77
Cadmium ..............cccvviiinnnnnn. +0.42
Iron. ... +0.35
Cobalt......cooveiiiiiiiii it +0.23
Nickel.....ovviiiiiiiii i +0.22
TIn oo e e +0.19
Lead ... +0.15
Hydrogen.......................oo..t. 0
(70343 o7 O —0.33
Mercury. ..o —0.75
Silver. . ..ot e —-0.77

If two substances are inserted in an electrolyte, the chem-
ical potential between them may be found from the above
table by taking the algebraic difference between the voltages
set opposite the two elements in question. In any electro-
lytic cell, the voltage between the electrodes will then be
equal to this voltage plus or minus the resistance drop in
the electrolyte. The plus sign will be used if the current
is caused to flow in a direction opposite to the chemical
voltage and the minus sign if the current is in the reverse
direction. The element highest up in the table will be
positive and hence the chemical voltage will be in a direc-
tion toward this terminal.

A certain care must be used in employing this table to
make sure that the element used is actually the one forming
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the surface of the electrode. Suppose that two nickel
electrodes are dipped in a solution of zine sulphate and a
current is passed through the combination. At the first
instant there will be no chemical voltage, for the electrodes
are both of nickel. After the current has flowed for a very
short time, however, this will no longer be the case. In any
solution of zinc sulphate there will be some positive ions
(Zn)**+ and some negative ions (SOy) ~ .

The positive zinc ions arriving at the cathode will be dis-
charged and become atoms of zinc which will adhere to the
cathode. The cathode will soon become covered with a
plated layer of zinc and we shall have the zinc-nickel chem-
ical voltage of 0.55 volt opposing the flow of current.

In many cases, a gas such as hydrogen will collect at one
of the electrodes. This gas in a thin layer completely
covers the electrode below the surface of the liquid. We
then have practically a hydrogen electrode as far as the
chemical voltage is concerned. '

Prob. 1-5. Describe how to make a normal solution of sul-
phuric acid: a one-tenth normal solution.

Prob. 2-5. A normal solution of H,SO, has a conductivity of
0.198 mho-centimeter at 18° C. A 1% normal solution has a con-
ductivity of 0.0225, a v}y normal solution 0.00308, a 145y normal
solution 0.000361, all under the above conditions. Make
a table and curve showing the relation between concentration
(in percentage normal) of sulphuric acid and the ‘ equivalent
conductivity ”’ — that is, the conductivity divided by the
concentration.

Prob. 3-5. From the curve of Prob. 2-5, what statement
can be made in regard to the dissociation of sulphuric acid
in aqueous solution?

Prob. 4-5. By using the curve of Prob. 2-5, find the con-
ductivity of a solution formed by adding 150 grams of sul-
phuric acid to one liter of water.

Prob. 6-5. If the solution of Prob. 4-5 were used between
two storage-battery plates 6 inches square and separated
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% inch, what would be the resistance of the electrolyte between
the plates?

49. Quantity Relations. Faraday discovered that when
a current of electricity is passed through an electrolyte, the
amount of chemical action produced is proportional to the
quantity of electricity passed. That is, for example, if we
are plating nickel, the amount of nickel deposited is pro-
portional to @, where

Q=1IT, (6)

provided an unvarying current I flows for a time 7. If
the current 7 is not constant, the quantity of nickel deposited
is proportional to @, where

Q= foTi dt. )

This fact is made use of in the U. S. legal definition of an
ampere current of electricity, see p. 19.

He also discovered that the weight of metal deposited
or of gas liberated at an electrode by a given amount of
electricity is proportional to the atomic weight of the substance
deposited or liberated, provided the valence is the same in
each case. The valence is the number of hydrogen atoms
with which one atom of the substance in question forms a
stable compound.

Thus an ampere flowing for one hour in a nickel plating
bath will deposit 1.09 grams of nickel, while the same cur-
rent in the same length of time will deposit 1.22 grams of
zine, the solution being of a bivalent salt in each case.
The ratio 1.09 : 1.22 is the same as the ratio 58.7 : 65.4 of
the atomic weights of the two metals considered. If the
valence is different for the ions, the amount deposited is
proportional to the atomic weight divided by the valence.

These laws may all be summed up in the single expression

w
m = m grams,
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where
m is the mass in grams deposited or liberated,
Q is the quantity of electricity in coulombs passed
through the solution,
w is the atomic weight of the element under consider-
ation,
n is the valence of the element.

The constant

s T ®)
96,540 n

is called the electrochemical equivalent of the given element.
It is the mass of the element in grams deposited by one
soulomb.

The constant 96,540 was determined experimentally.
It is the number of coulombs necessary to deposit or liberate
an amount of a univalent element in grams numerically
equal to its atomic weight, that is, a ‘ gram-atom ” of
the substance. Thus, for instance, it is the amount of
electricity necessary to liberate one gram of hydrogen at
the cathode in decomposing water. The same amount of
electricity will, of course, liberate 1f or 8 grams of oxygen
at the anode, since the atomic weight of oxygen is 16 and
the valency is 2. This large quantity ~of electricity is
called a ¢ faraday.”

1 faraday = 96,540 coulombs.
It will be remembered that there are approximately
6.3 X 10®

electrons in a coulomb. Multiplying, we see that one
faraday corresponds to
6.1 X 102 electrons

moved along the circuit. If a univalent element is being
dealt with, each electron moved through the circuit cor-
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responds to one ion discharged and become an ordinary
atom which may then enter into some chemical combination
or become an atom of gas. The very large number of
electrons given above is hence also equal to the number of
atoms in a gram-molecule of a substance; for example, the
number of hydrogen atoms in a gram of hydrogen gas.
This number is therefore a very important physical con-
stant.

The above rules may be applied also to combinations of
atoms which appear as ions. Thus when sulphuric acid
is dissolved in water, we have (SO,) " ions. Their valency
is 2, since each one combines with two hydrogen atoms.
The molecular weight is equal to that of sulphur plus four
times that of oxygen, or

32 + (4 X 16) = 96.
The electrochemical equivalent is -

96
2 X 96,540

or approximately 0.0005. One coulomb of electricity hence
discharges 0.0005 gram of (SO4) ions at the anode when
passed through such a solution. These discharged ions
enter immediately into chemical combination, for SO, can-
not exist uncombined.

In applying the above formula for quantity relations,
great care must be used in several ways if correct results
are to be obtained. Auxiliary reactions often take place
and bring the results into error. The auxiliary reactions
may be due to several causes. Several ions may be pass-
ing through the solution toward a single one of the elec-
trodes at the same time. In this case the total number of
ions passed will be governed by the above rule, but the rule
does not indicate what will be the proportion of each kind.
This is determined by the mobilities of the different ions.
The rule must therefore be used with great care, and only
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where there is a thorough knowledge of the chemistry
involved.
Prob. 6-6. Zinc and copper strips are dipped in a solution

of sulphuric acid to form a simple primary cell. What voltage
will it give at first?

Prob. 7-6. After the current has flowed for a very short
time in the above cell, one of the electrodes will become covered
with a layer of hydrogen which will prevent the electrolyte from
touching the metal underneath. What will then be the voltage
given by this polarized cell?

Prob. 8-6. In a plant for refining copper an electric current
is passed through a solution of copper sulphate for twenty-
four hours. The amount of copper deposited in this time is
2.65 pounds. What average current was used?

Prob. 9-5. Two electro-plating vats are arranged in series;
one is for nickel plating and the other for silver plating. If
3.26 ounces of silver are deposited in a given time, how much
nickel is deposited in the same time?

Prob. 10-6. How many electrons per second are moved
when one ampere current flows?

50. Primary Cells. If a strip of copper and a strip of
zine are dipped into a weak solution of sulphuric acid, we
have a battery. The chemical voltage of the Cu-Zn com-
bination of 1.10 volts, as taken from the table of Article
48, will be found to exist between the electrodes. The
copper will be positive. If the two electrodes are con-
nected by an external eircuit, a current will flow in accord-
ance with Ohm’s law. The internal resistance of the cell
will depend upon the size and position of the electrodes and
the concentration of the electrolyte.

There are (H)* and (SO4)~ ~ ions in the solution. When
current flows, hydrogen will appear at the copper cathode
in bubbles of gas in an amount determined by Faraday’s
laws. The (SO,)~~ ions will arrive at the zinc anode, be-
come discharged and immediately combine with atoms of zine
to form zinc sulphate, ZnSO4, which will instantly dissolve
in the solution. The amount of zinc dissolved will hence
also be found by Faraday’s law.



118 PRINCIPLES OF ELECTRICAL ENGINEERING

There are, however, several difficulties with this sort of
cell. First, it polarizes. That is, after the current has
been allowed to flow a short time, the copper becomes cov-
ered with a layer of hydrogen, and we have only the chemi-
cal voltage of an H-Zn combination, about 0.77 volt. A
greater disadvantage is the fact that the layer of gas in-
creases the internal resistance of the cell until it becomes
very high.

Second, the zinc will be dissolved by what is called local
action, which takes place in the following manner. Differ-
ent parts of the zinc are of different purity. These form
small local short-circuited electrolytic cells, which cause the
zine to be rapidly attacked. This is, in fact, the way in
which metals are ordinarily corroded.

Third, the liquid is easily spilled.

The usual form of commercial primary battery is the so-
called “ dry cell.” Polarization is prevented by including

F1g. 46. The cross-seotlon of a dry ceII

certain chemicals, such as manganese dioxide, which com-
bine with or absorb the gases as fast as they are formed.
Carbon and zinc electrodes are used, the zine forming the
container for the electrolyte. Local action is prevented
by using certain zinc alloys which are very homogeneous.
The electrolyte, usually ammonium chloride, is absorbed
in blotting paper or plaster paris, and the whole is hermet-
ically sealed with a tar compound to prevent spilling. A
section of such a cell is shown in Fig. 46.

Such cells are convenient where small amounts of
power are required in easily available form, as for door bells,
flash lights, gas-engine ignition and so on. When any large
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quantity of electric energy is needed, it is too expensive to
obtain it in this manner. A short computation of the cost
of zinc alone will show this.

Assume a dry cell to give 1.5 volts terminal voltage.
To obtain one kilowatt-hour from dry cells of this sort
connected in parallel would require

1000 X 3600
1.5
Such a quantity will, in accordance with Faraday’s laws,
require the consumption of a quantity of zinc in grams
equal to

= 2.4 X 10° coulombs.

_24 X100 X654 _ o0
T To6p0x2 o8
or

1.8 pounds.

At 30¢ a pound for zine, the energy thus obtained would
cost 54¢ per kilowatt-hour for the zinec consumed alone.
Other costs, such as that of fabrication, would be even
larger.

The electrical energy obtained comes from the conversion
of the chemical energy released in combining the zine with
sulphuric acid to form zinc sulphate. Energy obtained in
this way from a metal is thus inherently expensive, for
it costs more to form sulphates from metals than to form
oxides from coal.

Prob. 11-5. The zine plate of a certain battery cell weighs
3.52 ounces. How many hours will the battery cell last if it
is required to deliver an average current of 2.14 amperes?

Prob. 12-5. A cell is desired which will deliver an average
of 0.08 ampere for four months. What weight should the zinc
plates have?

Prob. 13-56. (¢) How many faradays of electricity are
moved in the cell of Prob. 12-5? (b) How many electrons? .

51. Storage Batteries. A storage cell is similar in action
to a primary cell, except that the chemical actions involved
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are completely reversible. After the cell is discharged,
the passage of current in the reverse direction restores the
electrodes and the electrolyte to their original condi-
tions.

If there were no secondary chemical actions, the same num-
ber of ampere-hours would need to be passed through on
charge as were taken out on discharge. Practically, a
somewhat greater quantity of charge is necessary. An
ampere-hour is 3600 ampere-seconds or 3600 coulombs.
Storage batteries are usually rated in ampere-hours to give
the quantity of electricity which can be taken from them
without discharging them below a safe condition.

There are two commercial forms of storage batteries, the
lead battery and the nickel-iron battery. Each has its
particular field of usefulness. The lead battery is capable
of passing heavier currents for a short period and is hence
used for automobile starting. It is of lower internal resist-
ance. At the present time the lead cell is cheaper in first
cost and is extensively used for stationary power batteries,
in direct-current power and lighting service, for absorbing
the peak load and for short stand-by service in case of
break-down of generators. The principal nickel-iron or
‘alkaline battery is the Edison battery. Its uses have not
as yet been completely developed. On account of lightness
and the ability to withstand shocks, it is extensively used as
a vehicle battery.

The lead battery illustrated in Fig. 47 has plates of
lead peroxide, positive, and metallic lead, negative. The
electrolyte is dilute sulphuric acid. It will be noted that
neither of the plates is soluble in the electrolyte. The
lead peroxide, PbO,, is moulded into a grid of lead in
the “ pasted ”’ type of cell, and is formed in place chem-
ically in the “Planté” type. The negative plate is com-
posed of lead in a spongy condition so that it offers a
very large surface to the electrolyte.

On discharging the battery the materials of both plates are
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converted to lead sulphate. The simplest chemical reaction
is

PbO; + Pb 4+ 2 H.S0, 2 2 PbSO4 + 2 H,0. 9)

This may be read either way, to the right for discharge and
to the left for charge. As a matter of fact, this simple
equation does not completely express all that takes place,

Fra. 47. Cut-away view showing the construction of a lead
storage cell.  Electric Storage Battery Co.

and the chemistry of the cell is quite complicated, especially
in the presence of impurities. |

The water formed on discharge further dilutes the elec-
trolyte. For this reason the specific gravity of the electro-
lyte as measured by a hydrometer is an accurate measure of
its condition, provided the concentration is properly ad-
justed when the battery is fully charged.

The voltage delivered by a lead battery varies with its
charge. When fully charged each cell will deliver about
2.1 volts on normal load. When this has dropped to about
1.8 volts, the battery is considered fully discharged. Over-
discharge beyond this point is likely to form sulphate in
such form that it cannot be converted back to active ma-
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terial on charge. This is called ‘‘ sulphating ” of the bat-
tery. On charge the voltage is higher than on discharge,
partly on account of RI drop in the electrolyte and partly
on account of secondary chemical reactions. It rises from
about 2.1 to 2.6 volts per cell. Typical charge and dis-
charge curves are shown in Fig. 48 for normal current in
each case. Since the current is constant, the efficiency of
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F1a. 48. Curves for a lead cell showing the relation between
terminal voltage at normal current and time of charge and
discharge.

the battery may be found by dividing the area under the
discharge curve by the area under the charge curve.
Large plates placed very close together are used to keep
down the internal resistance, which is remarkably low.
On short circuit several hundred amperes may be drawn
from a single cell of forty-ampere-hour size. An excessive
current of this sort will, however, be likely to cause the
plates to buckle or to sulphate on the surface. This last
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effect is due to the fact that on heavy currents the elec-
trolyte in the interior of the plates becomes very dilute,
and does not have time to become the same by diffusion
as the main body of the liquid.
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Fic. 40. Cut-away view of an Edison storage cell. Edison Storage
Battery Co.

The weakness of lead structurally and its great weight
gave considerable difficulty in the construction of plates
that would not sag or buckle, and that would retain the
active material in good electrical contact. Great ingenuity
has been shown in the form of lead grid used to make plates.

The alkaline cell is principally the outcome of attempts to
overcome the weight and mechanical weakness of the lead
plate. The Edison cell illustrated in Fig. 49 uses elec-
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trodes of nickel peroxide for the positive plate and finely
divided iron for the negative. The electrolyte is a 219,
solution of potassium hydroxide, with some lithium hydrate.
The iron has a small amount of mercury added to it to
render it more readily active, and there are flakes of
nickel added to the nickel peroxide to increase the conduc-
tivity.

The chemistry of this cell is very complicated and not
entirely understood. The products of discharge are iron
oxide and a further oxide of nickel. The principal reaction
is

5Fe-+5Niy0, - 6 H,0+9 H;0 = 10 Ni(OH),+5Fe(OH),. (10)

Read from left to right for discharge and from right to left
for charge. The electrolyte is not changed in composition
or in concentration by the action and hence the specific
gravity is not an indication of the state of charge. The
way in which the electrolyte enters into the action without
becoming changed is as follows, expressed in simple form.
The ions in the solution are K+ and (OH)~. The positive
plate is that by which the current enters on charge and
leaves on discharge. On discharge the K ions move toward
the positive plate. Then

4K + 3NiO; — Ni;0; + 2 K,0. (11)
At the other plate the (OH) ions on arriving give
8 (OH) + 3Fe — Fe;0; + 4 H.0. (12)

The KO is unstable and immediately after forming, decom-
poses water of the solution, thus:

4K,0 4+ 4H,0 —» 8 KOH. (13)
" Thus the electrolyte is left unchanged. The charge and

discharge curves and the voltages obtained are shown in
Fig. 50.

One intermediate reaction is needed to explain several
phenomena peculiar to this cell.
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On charge, NiO, is first formed which gradually decomposes
into the lower oxide Ni,O; according to the equation

4NiO; = 2 Ni;O; + O, (14)
giving off the oxygen. This decomposition accounts for the

continual gassing which takes place during charge and even
continues for considerable time after charging is discontinued.
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F1a. 50. Curves for an Edison cell showing the relation between ter-
minal voltage at normal current and time of charge and discharge.

If a cell is allowed to stand idle after a charge, it will take
one or two days for the higher oxide to completely decompose
into Ni:O;. This reduction is much hastened by discharge,
since any NiQ; existing in the positive plate will be used up first.
This rapid reduction of NiO, in discharge probably accounts
for the marked drop in voltage which takes place at the be-
ginning of the discharge of a freshly charged cell. It also
accounts for the higher capacity obtained when a cell is dis-
charged immediately after being charged.

Prob. 14-6. A lead storage cell has an internal resistance of
0.002 ohm. What will be the difference in its terminal voltage
in charge and discharge at 40 amperes?

Prob. 15-5. A 280-ampere-hour lead storage vehicle bat-
tery has an average voltage of 32 volts. How much energy
can be drawn from it?

Prob. 16-5. If the average voltage required during charge
of the battery of Prob. 15-5 is 40 volts and the time of charge
109 longer than the time of discharge at normal rate, what is
the efficiency of the battery?
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Prob. 17-56. The vehicle of Prob. 15-5 requires six horse
power output to drive it at 20 miles per hour and the motors
are 609 efficient. (a) How far can it be driven at this speed
on one charge? (b) What is the cost of energy per mile at 3¢ per
kilowatt-hour?

652. Electrolytic Refining of Metals. If both electrodes
are of the same metal, there is very little chemical voltage
present. The only electrical energy used in passing a
current through the combination is that lost in heating the
electrolyte. There will always be a minute chemical volt-
age due to differences in purity of the metals and to differ-
ences in concentration in the parts of the solution.

In the electro-deposition of metals for plating articles,
the cathode is always the article to be plated, the electro-
Iyte a dissolved salt of the metal to be plated and the anode a
piece of the same metal or an inert conductor. In the latter
case there is a chemical voltage and the electrolyte must
be renewed from time to time. There are many  kinks ”’
to good plating technique. Voltages from one to six are
usually used.

Copper, nickel and other metals are refined by plating
them. Electrolytic copper thus prepared is very pure and
is used for wires, sheets and many other purposes where
even small impurities are undesirable.

In copper refining, the electrolyte is copper sulphate.
The impure metal is used as the anode and a thin sheet of
pure copper is used as a starter at the cathode. A small
amount of common salt is used to precipitate any silver
which dissolves from the anode and the silver thus recovered
pays a large part of the costs of the process. Over a million
tons of copper are annually refined in this manner. The
impurities are insoluble in the solution or are made so hy
the addition of certain chemicals, and thus do not plate out
but appear as a mud in the bottom of the tank. The copper
obtained is about 99.959, pure, the chief impurity being
hydrogen dissolved in the metal.
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The electrolyte is used hot in large cells which are usually
connected in series to give a convenient voltage to handle
and generate. A current density of about 20 amperes per
square foot of cathode is used. From Faraday’s laws,
about 0.0026 pound of copper is deposited per ampere-
hour. Thus to deposit a ton of copper requires 770,000
ampere-hours, or for 44 ton per cell per day, about 3200
amperes. If this were delivered at 100 volts for a long series
of cells, a 320-kilowatt generator would be necessary. This
would supply about 50 cells, giving 5 tons of metal per day.
Several series may be used on one large generator. If the
above electrical energy is estimated at two cents per kilo-
watt-hour, the cost per pound for energy alone is 0.15 cents
per pound. A considerable fraction of the cost of electro-
lytic copper refining, strange to say, is the interest on the
investment in copper tied up in the process.

Prob. 18-6. How long must a current of 500 amperes run
in an electro-refining vat to deposit enough copper to make one
mile of No. 00 wire?

Prob. 19-6. Zinc-coated iron is commercially known as
‘“ galvanized iron.” How thick a plate of zine will be put on a
sheet of iron having 40 square feet (both sides) if a current of
12 amperes runs for 16 hours through the zine-plating solution?

Prob. 20-6. If the electric energy of Prob. 18-5 costs 1.25¢
per kilowatt-hour and the refined copper is worth 18¢ per pound,
at what voltage must the refining vat be run to make the cost
of energy equal 59, the cost of copper refined?

53. Electrolysis. Electrolytic processes are useful in
many ways. They enter into the experience of an electrical
engineer in one way which is not desirable. This is in
electrolysis.

The earth is a conductor. Moist earth with some dis-
solved salts present acts as an electrolyte. The resistivity
of this electrolyte is high, but the earth is so large
that the total resistance of the earth between two points
may be low. In fact, the resistance between two
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plates buried in the earth will be found to be due almost
entirely to the current paths near the electrodes and prac-
tically independent of the distance between the plates.
The resistance of the ground return of a telegraph circuit
will be in the neighborhood of twenty ohms, with well
constructed “ grounds ”’ or connections to the earth.

Where a trolley system is operated with a rail return for
the current, large stray currents in the earth will always
be found. These do no harm except where they take short
cuts through sections of metal. They do no harm here
where they enter the metal, but where the current leaves,
the metal is dissolved or electrolysed. Water pipes are
particularly subject to difficulty in this regard and will
soon be eaten through and leak if large currents pass. Great
care must be used also that there is not electrolysis of the
reinforcing rods of concrete structures, for the failure of
the structure may follow. The electrolysis of metal pipes
buried in the earth has been the cause of much litigation.

Stray currents from trolley systems may be largely
minimized by the use of negative feeders, that is, of large
conductors connecting to the rail system to carry the current
from points out on the line back to the power house. These
negative feeders may also be connected to pipes to protect
them, but care must be taken here that more harm is not
done than good, due to the resistance of leaded or gasket
joints of high resistance in the pipe line.

The amount of metal dissolved by electrolysis with a
given current may be computed roughly by Faraday’s laws.
Secondary reactions prevent great accuracy.

There is electrolysis even when alternating current flows,
but it is usually less than 19, of what would be caused by
the same amount of direet current. With alternating cur-
rent the metal is dissolved on one half cycle and plated
back on the next. Not all that is dissolved will plate back,
even when the two half cycles of current are identical, due
to diffusion of the salt formed and to secondary reactions.
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With alternating current the difficulty will occur both
where the current leaves and where it enters the pipe, for
these conditions are reversed when the direction of the
current changes.

iy £ iy

Fic. 51. Nine 2500-kw. converters used to supply current for the
production of aluminum. There are thirty-six similar machines
installed in the Marysville, Tenn. Plant of the Aluminum Co. of
America. Westinghouse Electric and Mfg. Co.”

654. Other Electrochemical Processes. Electrochemistry
is a profession by itself. It is rapidly becoming of funda-
mental importance in our complex life. A large number of
chemical processes are now conducted by the aid of elec-
tricity and can only be given passing mention here.

Fused salts in place of salts dissolved in water may be
decomposed by electrolytic action. This often requires
the high temperature obtained from the electric furnace.
In other cases, moderate temperatures may be used.

Aluminum is manufactured in this manner by electrically
decomposing an ore of aluminum such as bauxite, H;AlO;,
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Aluminum requires the largest amount of electricity per
pound of any metal obtained commercially by electrolysis.
Fig. 51 shows part of a battery of thirty-six 2500-kilowatt
converters used to supply current to one plant producing
aluminum. The cost of aluminum is largely determined by
the cost of electric energy. Metallic sodium and potassium
are similarly produced, but by the use of much higher
temperature.

ey ¥ o s e

Fi1g. 52. Cell room showing six banks of 74 cells each. United States
Government Chlorine-Caustic Soda Plant, Edgewood Arsenal, Md.
Hon. Benedict Crowell in “America’s Munitions.”

Gaseous hydrogen and oxygen are commercially produced
in one process by the electrolytic decomposition of water.

The fixation of atmospheric nitrogen for the production
of fertilizers and explosives is of vast importance to the agri-
cultural and military interests.

Carborundum, calcium carbide, fused quartz, silicon,
graphite, phosphorus and steel alloys of various sorts are
typical important electric-furnace products.

Immense quantities of caustic soda and chlorine are now






SUMMARY OF CHAPTER V

AN ELECTRIC CURRENT FLOWS THROUGH A LIQUID
because there are ions present in the liquid. Such a liquid is
called an ELECTROLYTE.

A NEGATIVE ION is an atom with a greater number of
electrons than normal attached.

A POSITIVE ION is one deficient in electrons.

AN ELECTRON is a particle of negative electricity, the
smallest particle into which it is possible to divide electricity.

A CURRENT OF ELECTRICITY really consists of a flow
of these negative particles. The direction of this flow is the
reverse of that which we are accustomed to call the positive
direction of current flow.

ACIDS AND SALTS IN SOLUTION break up into positive
and negative jons. The positive ions move through the liquid
to the cathode or plate at which the electric current leaves the
solution. The negative ions move in the opposite direction.

THE CONDUCTIVITY OF A LIQUID is proportional to the
number of ions present and their mobility.

A DIFFERENCE OF ELECTRICAL POTENTIAL is set up
between two different metals when they are dipped into an
electrolyte which is capable of combining chemically with
one of them. The amount of this potential difference depends
solely upon what metals are used.

THE ELECTRIC POTENTIAL SERIES OF METALS
is an arrangement based on the voltages which exist between
the various metals if one terminal is hydrogen.

FARADAY'’S LAW states that the weight of an element lib-
erated from a solution can be found by the equation

wQ

= 96,640 n 520

where

the weight in grams liberated,
the atomic weight of the substance,
the coulombs of electricity passed,
the valence of the element.
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THE ELECTROCHEMICAL EQUIVALENT of an element is
the constant
w

96,5640 n
and is the weight in grams deposited by one coulomb.

ONE FARADAY = 96,640 coulombs
6.1 X 10% electrons,

which is also the number of atoms in a gram-atom of a sub-
stance.

A PRIMARY CELL consists of two different metals in con-
tact with an electrolyte which combines chemically with one
of them. The metal consumed is generally zinc.

A STORAGE CELL is similar to a primary cell except that
the chemical actions are entirely reversible.

THE LEAD STORAGE CELL consists of lead-peroxide
positive plates, metallic lead negative plates and dilute sul-
phuric acid electrolyte.

THE EDISON CELL has nickel-peroxide positive plates,
iron negative plates and 219, solution of potassium hydroxide
electrolyte.

ELECTROLYTIC REFINING OF METALS is carried out on
a large scale to secure pure copper. The process consists of
electro-plating from a solution of copper sulphate and de-
pends upon electrochemical action.

ELECTROLY SIS DOES DAMAGE to water pipes and re-
inforcing rods in concrete where any stray currents in leaving
the pipes or rods flow through some electrolyte surrounding
the pipes or rods.

A LARGE NUMBER OF CHEMICAL PROCESSES are
now conducted by the aid of electricity. Aluminum, oxygen,
caustic soda and chlorine are a few of the more common sub-
stances commercially produced by electrolytic action.



PROBLEMS ON CHAPTER V

Prob. 21-5. If the internal resistance of a bivalent nickel
plating bath is 0.5 ohm, and 1 volt is applied, what energy in
kilowatt-hours is used in plating one pound of nickel?

Prob. 22-5. If the voltage in the above problem is increased
to 2 volts, what will be the new amount of energy per pound?

Prob. 23-5. Ten thousand articles each with a surface area
of 1 square foot are to be plated with 0.003-inch thick nickel
coat. Take the density of nickel as 8.6 grams per cubic centi-
meter. If 1 volt is used in the solution of Prob. 21-5 and the
energy cost is 20¢ per kilowatt-hour, what is the energy cost
per article?

Prob. 24-5. If the labor cost for plating bath attendance is
4¢ per article under the conditions of Prob. 23-5, and this can
be reduced to 3¢ if the time of plating is halved, will it pay to
use a 2-volt supply?

Prob. 25-5. Hydrogen under standard conditions of tem-
perature and pressure weighs 0.09 gram per cubic foot. How
long will it take 1000 amperes to liberate enough hydrogen by
electrolytic decomposition to fill a balloon which is spherical
and 40 feet in diameter?

Prob. 26-5. At a voltage of 1.5 and at 10¢ per kilowatt-
hour, what is the cost of energy for filling the balloon of Prob.
25-5?

Prob. 27-56. Compare the energy costs of plating nickel
and silver (assuming the resistance of the plating bath to be the
same in each case) for equal weights deposited. For equal
thicknesses on an article. (Density of silver is 10.5 grams per
cubic centimeter.)

Prob. 28-5. A dry cell delivering 1.5 volts will supply 1
ampere intermittently for a total of 50 hours. The cell costs
30¢ new. What is the cost of power obtained in this way?

Prob. 29-56. An average per plug of 0.04 joule output of
electrical energy is generally used by the ignition system to
produce a proper spark at the spark plug of a gasoline engine.
With an 8-cylinder 4-cycle engine running 3200 r.p.m., what is

134
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the total input in watts to produce the sparks, assuming an
efficiency of the ignition system of 209,?

Prob. 30-5. If the engine of Prob. 29-5 is supplied by cells
of the type of Prob. 28-5, how long will 6 such cells last on
continuous running?

Prob. 31-5. An iron water pipe receives a stray current of
5 amperes from a trolley system. Where this current leaves
the pipe, electrolysis occurs. Assuming Faraday’s law, how
long will it take to remove 10 pounds of the iron of the pipe?

Prob. 32-5. A copper plate is riveted to the iron hull of a
ship. The salt sea water forms an active electrolyte. Before
polarization what voltage acts and in what direction? After
the cathode is covered with hydrogen, what voltage acts?

Prob. 33-56. The anode is attacked when the current flows
in a case such as in Prob. 32-5. Will the presence of the copper
plate cause damage to the iron plates of the hull? What if the
copper plate is replaced by one of zinc?

Prob. 34-5. Iron is protected against corrosion in the
presence of moisture which may contain salts which render it
active as an electrolyte by covering with a coating of zinc.
This is done in several ways, as in the galvanizing process.
Tin is also used. Compare the two as regards corrosion of the
iron if there are pinholes in the coating.



CHAPTER VI
THE MAGNETIC CIRCUIT

Practically all electric power machinery depends for its
operation upon the inter-relation between electricity and
magnetism. The generator, the motor, the transformer,
contain not only electric circuits but also magnetic circuits,
and depend for their operation upon the mutual effects
produced between the two.

65. Relation Between Electricity and Magnetism. When
an electric current flows along a wire, there are evidences
of its presence not only within the wire itself but also in
the space around it. Inside the conductor, the electric cur-
rent produces heating and chemical effects, but it produces
magnetic effects in the space outside of the wire as well
as within it. As early as 1820, Oersted discovered that a
compass needle in the vicinity of a wire carrying current
was deflected, and Ampere, upon hearing of this result,
soon worked out the law underlying this effect. This law
bears his name. It is principally to Faraday, however,
that we owe the complete examination of the quantitative
relationship between electric current and magnetism, for
it was due to his painstaking experimentation and clear
logic that most of the laws underlying present-day electrical
engineering were discovered and put into form.

Without the knowledge of these various relations be-
tween electric and magnetic circuits, there would be no
electrical engineering to-day. The physicist would have at
his command only voltaic cells and weak permanent magnets.
They would be largely toys, and powerful electrical machinery
could not exist. It is only by the use of coils carrying electric
current that powerful magnetic fields can be established,

136
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such for instance as in the large lifting magnets which raise

twenty tons at a load. By the use of these powerful fields,

we can in turn generate large voltages and currents, that is,
Metal Wire

¥ e

Current

) Source of

Electromotive

@ Force

Battery

5 =
F1a. 53. The electromotive force of the battery causes a current to
flow around the metallic circuit.

large amounts of electric power, making possible the 50,000-
kilowatt turbo generator as we know it to-day. On the
other hand, even such a delicate instrument as the telephone
receiver depends for its action upon electromagnetic effects.

Iron Core

t é Magnetic Flux \
~———

[<— Source of
Coil~> Magnetomotive

Force

Fia. 54. The magnetomotive force of the coil sets up a magnetic
flux in the iron circuit.

56. The Magnetic Circuit. Just as electricity or electric
current is caused to flow in an electric circuit, so magnetism
or magnetic flux can be set up in a magnetic circuit. In
Fig. 53, the battery acts as a source of electromotive force
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and forces an electric current through an electric circuit
consisting of a metal wire. Similarly in Fig. 54, a coil
carrying an electric current can be caused to act as a source
of magnetomotive force, and to force magnetic flux through
an iron core which constitutes a magnetic circuit.

It will be seen that in many ways these two circuits are
similar and it is found that the laws governing them may be
written in much the same form. There are, however, im-
portant differences, principal among which differences is
_ the following. In the electric circuit, the current produces
an effect in the wire such as heating, even when the current
is absolutely steady. A magnetic flux, however, produces
its principal effect when it is varying in the magnetic circuit,
“and in general does not make its presence felt when it is
steady. A magnetic circuit may carry a steady magnetic
flux indefinitely without producing any heating of the
circuit, and consequently without any expenditure of energy,
at least so far as the magnetic circuit itself is concerned.
There are other important differences which will be brought
out below.

Ammeter.,] / Iron \ Voltmeter-|
O

e b
_L Switch q Magnetizing
P Coil (4)

Measuring

\ | Coil (B)

Fia. 55. A change of current strength in coil A will set up a voltage
in coil B and cause the voltmeter to deflect.

Rheostat”

57. Measurement of Flux. A magnetic circuit may be
constructed by making a closed iron core and winding upon
it a coil of wire. When a current is passed through this
coil, as for instance by using a battery as shown in Fig.
55, magnetic flux will be set up in the iron. The presence
of this flux may be made apparent in several ways, but it
will be convenient for us to examine at this time one way
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which is of principal importance. If we wind a second coil
of wire on this same core and connect it to a voltmeter,
with the zero position at the middle of the scale, the fol-
lowing effects may be observed. Although the two coils
have no electrical connection whatever with each other,
yet when the switch in coil A is closed, the voltmeter con-
nected to coil B will suddenly deflect, thus showing that a
voltage in a certain direction has been set up in the meas-
uring coil. Since these two coils have no electrical connec-
tion, it is reasonable to suppose that the flux set up by the
current in coil A has something to do with producing the
voltage set up in coil B. When, however, a current is
flowing steadily in the magnetizing coil A, the voltmeter
in coil B will return to its zero position, and there will now
be no indication of any effect in the core. If, however,
the switch in the circuit of coil A is opened, the voltmeter
will suddenly deflect in the opposite direction, thus showing
‘voltage in the opposite direction from that of the first
voltage. It thus appears that the flux produces an effect,
namely,introduces a voltage into the measuring coil, while
it is in the process of changing, — a voltage in one direction
when flux is being set up and a voltage in the opposite
direction when it is decreasing to zero.

We may observe these effects more exactly by keeping
the battery switch closed and utilizing “a rheostat and an
ammeter in the battery circuit. We shall find that when
the ammeter reads steadily at any position, the voltmeter
will remain at the center of its scale. When the ammeter
shows that the current is increasing, the voltmeter will
deflect in one direction; and when the ammeter shows that
the current is decreasing, the voltmeter will deflect in the
opposite direction. By operating the rheostat at various
rates, we can make the current change quickly or slowly.
It will be found that the voltage produced will be exactly
proportional to the rate at which the flux in the magnetic
circuit changes. This is the same, except for certain effects
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to be noted below, as the rate at which the current in the
magnetizing coil changes. It is natural, therefore, for us
to use the voltage thus produced in a measuring coil to
measure the amount of magnetic flux produced in the iron
magnetic circuit by the magnetizing coil around it.

Since it is hard to make accurate measurements of the
rate at which the current is varying at given instants as
outlined above, it is more convenient to use a ballistic
galvanometer for measuring the amount of flux in the
magnetic circuit. The ballistic galvanometer is simply a
galvanometer with a very long period. If a voltage is
applied to such an instrument for a short interval and then
removed, the deflection of the galvanometer will be pro-
portional to the product of the voltage applied and the
length of time that it is connected. The reason for this
effect will be more apparent when we have studied the
theory underlying electrical instruments, but for the present
we may simply assume that the ballistic galvanometer can
be used to measure in volt-seconds the amount of a sudden
impulse applied to it.

If the voltage applied to a ballistic galvanometer is
varying during the short interval that it is applied, the de-
flection of the galvanometer will be proportional to the in-
tegral of the voltage taken over the interval of time; that is,

d= klfedt, (1)

where d = the deflection of the galvanometer, ¢ = the time
in seconds and %; = the constant of the galvanometer.
We have seen above that the voltage produced by the
changing flux in the magnetic circuit is proportional to the
rate at which the flux changes; that is,

dp ~_, dé
¢ o Or €= kgdt) 2)
where ¢ = the magnetic flux in maxwells and k&, = the
proportionality factor. Then the deflection of a ballistic
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galvanometer connected to a measuring coil about a mag-
netic circuit will be proportional to

d f B @)

or simply
d = ke, @)

where & is a constant combining k; and k.. That is, the
galvanometer deflection is a measure of the total amount
by which the flux changes in the magnetic circuit. Thus,
if we connect a ballistic galvanometer as shown in Fig. 56,
putting the galvanometer in place of the voltmeter, and
suddenly change the amount of flux in the magnetic circuit
by varying the battery, the deflection of the galvanometer
will be proportional to the total amount by which the flux
is changed. The deflection which occurs when the flux in
the circuit is first set up may be taken as the measurement
of the amount of flux in the circuit.

As the c.g.s. unit of magnetic flux we take that amount
of flux which, when established in the magnetic circuit,
will produce one abvolt-second in a coil of one turn wound
on the magnetic circuit, and we call this unit of flux a max-
well. The number of maxwells of flux in a magnetic cir-
cuit may thus be measured by measuring the abvolt-sec-
onds indicated by a ballistic galvanometer connected to a
measuring coil around a circuit when the flux is set up or
decreased to zero, the measuring coil being of one turn. It
is more convenient in practice to use a measuring coil of
several turns (an equal voltage being set up in each turn, of
course) and divide the resulting deflection of the galva-
nometer by the number of turns used. It is also better, for
reasons expldined below, to use an arrangement such as is
shown in Fig. 56 and reverse the magnetizing current by
means of a reversing switch. The deflection of the gal-
vanometer when the reversing switch is thrown from one
side to the other is thus due to a change of flux from a maxi-
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mum in one direction to a maximum in the other direction.
The amount of flux as computed from the galvanometer
deflection should be divided by two, in order to give a cor-

Reversing
Switch

Ballistic
Galvanometer

Measuring
Coil

Fia. 56. Reversing the switch in the circuit of the magnetizing coil
causes a voltage to be set up in the measuring coil.

rect result for the maximum amount of flux in the magnetic
circuit.

Prob. 1-6. The flux through a coil of one turn is increased
gradually from zero to 150,000 maxwells in two seconds. What
is the average voltage produced in abvolts? In volts?

Prob. 2-6. If the coil of Prob. 1-6 has 200 turns, what
average voltage will be produced?

Prob. 3-6. If the voltmeter in Fig. 55 shows a voltage of
2 millivolts, and the coil to which it is connected has 1000
turns, at what rate is the flux changing in the iron core?

58. Flux Lines. Euler, in his * Letters to a German
Princess,” written in 1761, describes a magnet and speaks
of the “lines of flow of the magnetic fluid.” It was from
this sort of description of the magnetic effect in a magnetic
circuit that we have obtained the terms ‘ magnetic flux ”
and ‘‘ magnetic flux lines.”

Just as it is convenient for us to map out the manner in
which water flows through a nozzle (Fig. 57) by drawing
lines to indicate the direction which the water takes at
every point, so it is convenient for us to represent the path
which the magnetic flux takes in a magnetic circuit by means
of lines showing at every point its direction, (Fig. 58).
We may also show the direction which an electric current
takes at every point in an electric circuit by means of lines
similarly drawn.
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Faraday was the first to utilize this manner of describing
the path taken by magnetic flux in computations, and to
show the great benefit of thus representing magnetic flux.

i

TR =il

Fre. 57. The lines show the F1g. 58. The lines show the
amount and direction of amount and direction of mag-

water flowing from an orifice. netic flux.

Suppose that in Fig. 57, in drawing the lines representing
the flow of water through an orifice, we observe the following
arrangement. Draw one line for each cubic inch per second
of water flowing. That is, consider the stream of water to
be made up of a large number of small streams flowing
together and each carrying one cubic inch of water per
second. Represent each of these unit streams by one line.
The lines will then show not only the direction that the
water takes, but also the amount of water flowing. The
closer together these lines are situated, the more rapidly
will the water be flowing at that point. The density of
the lines, that is, the number of lines per square inch passing
through a cross-section perpendicular to the stream, will,
in fact, show the velocity of the water at any point in inches
per second.

Similarly, in representing the magnetic flux in a magnetic
circuit, we draw one line to represent a flux of one maxwell;
in fact, we often abbreviate by saying so many lines of flux
instead of saying so many maxwells of flux. The number
of lines per square inch of cross-section, that is, the density
of the lines, we take as a measurement of the intensity of
the magnetic effect produced. A flux density of one max-
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well (or one line) per square centimeter of cross-section is
called a flux density of one gauss. In ordinary magnetic
circuits constructed of iron, we employ flux densities of
many thousands of gausses.

The lines thus used to describe the direction and intensity
of magnetic flux do not have any physical existence, any
more than do the stream lines describing the flow of water.
They are simply a convenient means of describing the
magnetic effect.

When electric current flows in an eleetrie circuit, there is
an actual transfer of electrons along the circuit. When
magnetic flux flows in a magnetic circuit, on the other hand,
we do not now believe that there is any actual flow of any-
thing. This is indicated by the fact noted above, that
although an electric current produces heating of the wire

F1c. 59. The lines show the strains at various parts of the beam.

while it flows, magnetic flux, as long as it is steady, produces
no heat or chemical effect in the iron through which it
passes. The magnetic flux is more nearly in the nature
of a strain set up in the material. The flux lines should be
considered as being lines of strain due to stress. We might
similarly indicate the direction and intensity of the strains
in a beam under load as shown in Fig. 59, the horizontal
lines representing the direction of the strains at the various
points.

It is important to note that magnetic-flux lines are always



THE MAGNETIC CIRCUIT 145

continuous. In other words, a magnetic-flux line can never
have an end. This is true of the flow lines in a stream of
water. For a flow line to end would mean that a certain
quantity of water per second disappeared entirely at some
point in the stream. In the same way, the magnetic-
flux lines are always closed lines, and go completely around
the magnetic circuit whatever its shape may be.

59. Magnetomotive Force. A voltaic battery intro-
uced into an electric circuit provides an electromotive force
which forces current around the circuit. Similarly a coil
of wire carrying current produces a magnetomotive force
which may force a magnetic flux around a magnetic circuit.
We should note, however, one important difference. The
voltaic battery is an integral part of the electric circuit,
and produces its electromotive force right in the circuit
itself by means of chemical action. On the other hand, a
magnetomotive force in a magnetic circuit may be supplied
by a coil of wire carrying current even though the coil does
not physically touch the magnetic circuit at all. It is
merely necessary that the coil of wire surround one part
of the magnetic circuit, that is, that the coil and the mag-
netic circuit interlink. .

The total magnetic flux, that is, the number of magnetic
lines produced in a magnetic circuit, has been found ex-
perimentally to be proportional to the current in the mag-
netizing coil when the magnetic circuit does not contain
iron or other magnetic material. The flux has also been
found to be proportional to the number of turns of wire
used in the magnetizing coil, that is, to the number of times
the current in the coil links the magnetic circuit. The
magnetomotive force of a magnetizing coil is hence propor-
tional to the product of the number of turns in the coil and
the electric current flowing. This assumes that the turns are
all wound in the same direction. If a number of turns are
wound on in the reverse direction, their effect will cancel
the effect of an equal number of turns correctly wound.
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The magnetomotive force is hence proportional to the
product of the electric current and the number of linkages
between the wire and the magnetic circuit.

60. Reluctance. The current flowing in an electric cir-
cuit is proportional to the electromotive force and inversely
proportional to the resistance. This is Ohm’s law. Sim-
ilarly, -the amount of flux in a magnetic circuit is propor-
tional to the magnetomotive force applied and inversely pro-
portional to what is called the reluctance of the circuit.

The resistance of a uniform electrie circuit is found ex-
perimentally to be proportional to the length of the circuit
and inversely proportional to the cross-section. The pro-
portionality factor is called the resistivity of the material
used, and its reciprocal the conductivity of the material.
Similarly, the reluctance of a magnetic circuit is proportional
to the length of the circuit and inversely proportional to its
cross-section. Analogous to the conductivity of an electric
circuit we have the permeability of a magnetic circuit. The
conductivity depends upon the material used for making
an electric circuit, its temperature and sometimes other
effects. Similarly, the permeability of a magnetic circuit
depends upon the material used and upon other very impor-
tant factors to be outlined below. The conductivity of
a given material is defined as the conductance (that is,
the reciprocal of the resistance) of a unit cube of the

material used in the electric circuit. In the same way,
the permeability of a given material is the reciprocal of

the reluctance of a unit cube of the material of a magnetic
circuit.

The unit of resistance is the ohm. The unit of reluctance
is the oersted.

61. Ohm’s Law for Magnetic Circuits. For the electric
circuit, we write

electromotive force
resistance

current =
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This may be abbreviated to

1k,
where, if we are using the c.g.s. system of units, I is the
current in abamperes, E is the electromotive force in abvolts
and R is the resistance in abohms. In the practical system
of units, I is the current in amperes, E is the electromotive
force in volts and R is the resistance in ohms. The resist-
ance, we have seen, may be written

where 1 is the length and A is the cross-section of the mag-
netic circuit and v is the conductivity of the material used.
Similarly, for the magnetic circuit, we may write

__ magnetomotive force

flux
reluctance

which may be abbreviated to
6=3 ®)

where ¢ is the flux in maxwells, F is the magnetomotive
force in gilberts and QR is the reluctance in oersteds. Th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>